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Prestressed Concrete Design

Notations

c.g.c.

o o

c.g.s.

Section 3 — Prestressed Concrete

bearing area of anchor plate of
post-tensioning steel.

maximum area of the portion of the
anchorage surface that is
geometrically similar to and
concentric with the area of the
bearing plate of post-tensioning
steel.

area of nonprestressed tension
reinforcement.

area of compression reinforcement.
area of prestressing steel.

steel area required to develop the
ultimate compressive strength of
the overhanging portions of the
flange.

steel area required to develop the

compressive strength of the web of

a flanged section.

area of web reinforcement.

width of flange of flanged member
or width of rectangular member.
width of web of a flanged member.
loss of prestress due to creep of
concrete.

loss of prestress due to relaxation
of prestressing steel.

loss of prestress due to relocation of
post -tensioning steel.

center of gravity of entire concrete
section.

center of gravity of transformed
section.

center of gravity of steel area.
effect of dead load.

nominal diameter of prestressing
steel.

distance to centroid of prestress
ducts as per Memo to Designers 11—
28.

distance from extreme compressive
fiber to centroid of the prestressing
force, or to centroid of negative
moment reinforcing for precast
girder bridges made continuous.
loss of prestress due to elastic
shortening.

flexural modulus of elasticity of
concrete.

modulus of elasticity of
prestressing steel.

= base of Naperian logarithms.

distance from center of gravity of
section to the centroid of the cable
path.

resulting stress in bottom fiber —
final.

resulting stress in bottom fiber —
initial.

resulting stress in top fiber — final.
resulting stress in top fiber — initial.
concrete stress in bottom fiber due
to W..

concrete stress in top fiber due to
W..

concrete stress in bottom fiber due
to W,.

concrete stress in top fiber due to
W,

average concrete compressive
stress at the c.g. of the prestressing
steel under full dead load.

average concrete stress at the c.g. of
the prestressing steel at time of
release.

compressive strength of concrete at
28 days.

compressive strength of concrete at
time of initial prestress.

Initial concrete stress after transfer
of prestress force.
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fr = Final stress under full design loads.
£ = stress due to unfactored dead load,
at extreme fiber of section where
tensile stress is caused by
externally applied loads. (not
including stresses due to added
dead load.)
fPC = compressive stress in concrete
(after allowance for all prestressed
losses) at centroid of cross section
resisting externally applied loads or
atjunction of web and flange when
the centroid lies within the flange.
(In a composite member, fp, is
resultant compressive stress at
centroid of composite section, or at
junction of web and flange when
the centroid lies within the flange,
due to both prestress and moments
resisted by precast member
acting alone.)
fise = compressive stress in concrete due
to effective prestress forces only
(after allowance for all prestress
losses) at extreme fiber of section
where tensile stress is caused by
externally applied loads.

Af, = Total prestress loss, excluding
friction.

(8 = ultimate strength of prestressing
steel.

fee = effective steel prestress after losses.

f*,, = average stress in prestressing steel
at ultimate load.

ey = yield strength of nonprestressed
conventional reinforcement in
tension.

£y = yield strength of nonprestressed
conventional reinforcement in
compression.

f*, = yield point stress of prestressing
steel.

h = overall depth of member.

I = moment of intertia about the

centroid of the cross section.
I = impact load.

Page 3-2

ratio of distance between centroid
of compression and centroid of
tension to the depth d.

friction wobble coefficient per foot
of prestressing steel.

Clearance between top of deck and
first prestressing duct as per Memo
to Designers 11-28.

length of prestressing steel element
from jacking end to point x.
moment causing flexural cracking
at section due to externally applied
loads.

maximum factored moment at
section due to externally applied
loads.

nominal moment strength of a
section.

secondary moment due to prestress
force.

factored moment at section < fM,,.
ultimate applied moment.

ultimate resisting moment.
resisting moment of nonprestressed
reinforcement (mild steel).

ratio of E,/E_.

effective prestress force after
deduction of all losses.

initial prestress force immediately
after anchoring steel.

A,/bd, ratio of nonprestressed
tension reinforcement.

A*_/bd, ratio of prestressing steel.
A’ /bd, ratio of compression
reinforcement.

statical moment of cross sectional
area, above or below the level being
investigated for shear, about the
centroid.

loss of prestress due to concrete
shrinkage.

longitudinal spacing of web
reinforcement.

steel stress at jacking end.

= steel stress at point x.

average thickness of the flange of a
flanged member.
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4 = permissible horizontal shear stress. Abbreviations

V. = nominal shear strength provided
by concrete. BDA  Bridge Design Aids

V., = nominal shear strength provided BDD  Bridge Design Details
by concrete when diagonal BDP Bridge Design Practice Manual
cracking results from combined BDS Bridge Design System Manual
shear and moment. MTD  Memos to Designers

V., = nominal shear strength provided | Spec.  Bridge Design Specifications

by concrete when diagonal
cracking results from excessive .
principal tensile stress in web.

Vq = shear force at section due to
unfactored dead load (not
including added dead load shear).

Vi = factored shear force at section due
to externally applied loads
occurring simultaneously with
Mma.x

V, = vertical component of effective
prestress force at section.

V. = nominal shear strength provided
by shear reinforcement.

V.. = shearapplied due to prestress
secondary moments.

V., = factored shear force at section.

W, = liveload or superimposed load
applied after prestressing
completed.

W, = weight of concrete, lb. per cu. ft.

W, = dead load acting at time of
prestressing.

Y, = distance from centroidal axis of

gross section, neglecting
reinforcement, to extreme fiber in
compression.

Y. = distance from centroidal axis of
gross section, neglecting
reinforcement, to extreme fiber in
tension.

o = total angular change of prestressing
steel profile in radians from jacking
end of point x.

i = friction curvature coefficient.

BL, Bps= load factors.
¢ = strength reduction factor.
q = rotation angle.
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3.0.0 Preface

The subject of prestress concrete is very important within the Division of Structures by reason
of the vast number of structures in the state which are designed using this technology.

Yet, the subject is not always a part of our new employees undergraduate studies. It is for that
reason that "Basic Theoryand Principles" along with definitionsand assumptionsare introduced
early in this chapter. To illustrate design procedure, several example problems are worked
through. Further study into prestress technology is encouraged.

Prestress technology hasbeena part of the Bridge Design Practice Manual since the 1960 edition.
Over the years, revisions and updates have been made. Again, there is aneed for updating. This
edition reflects revised friction coefficients and detailed computer output. In all of the example
problems, an effort has been made to include the "longhand" solution where appropriate, with
the feeling that the designer must know "what's going on" before he can intelligently use the
many computer programs available. ‘

3.1.0 Introduction — Basic Theory and Principles

The basic principle of prestressed concrete can be described as follows: Stresses are introduced
in the concrete opposite in sign to those resulting from loads acting on the structure, and in such
a manner that allowable working stresses will not be exceeded. Compressive stresses, that are
induced across the section under consideration, counter tensile stresses that develop due to
loads. These compressive stresses result from an axial force and a bending moment transmitted
to the concrete by the prestressing steel after the concrete has attained sufficient strength.

Prestressed concrete makes full use of the compressive strength of the concrete and the tensile
strength of the prestressing steel. Ordinary reinforced concrete does not use the concrete to its
full advantage. This is shown in the following comparison using the same allowable concrete
stress (see Figure 3-1). In reinforced concrete, the resulting stresses are compressive on the top
and tensile at the bottom. This leads to cracks developing in the tensile region and rendering the
concrete stress zero while the steel takes all tension stresses. In prestressed concrete, large
compressive stresses which are the result of the application of an eccentrically located prestress
force, reduces the tension stress to near zero.

With beams of the same depth, a prestressed section can resist over twice the moment that the
reinforced concrete section can resist. Furthermore, the allowable working stress can be
doubled for the prestressed section, thus making the resisting moment over four times that of
the reinforced concrete section. The prestressed section makes use of the entire concrete area;
whereas, the reinforced section uses about ¥4 of the area and % is used to hold the reinforcing
steelaway from the working section, resist shearing stresses, and develop the bond between the
concrete and reinforcing steel.

Page 3-4 Section 3 — Prestressed Concrete
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Reinforced Concrete P/S Effects . Prestressed Concrete
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3.1.1 Definitions

Refer to Spec. Article 9.1.3 — Definitions for an extensive list of terms used in prestress
technology. A few additional terms used in this text are defined below:

Cable Shear—Vertical corhp onent of a prestress force whichisinclined to the horizontal. Used
in shear calculations and generally reduces the effects of applied shear forces.

Continuous for Live Loads —Multi-span structure utilizing precast-prestress units with a cast-
in-place deck. The top slab is reinforced across the bents thereby making the structure,
"continuous for live loads." See Article 3.3.0, Design of an "I" Girder Continuous for Live

Load.

Continuous Structure — Multi-span structure constructed continuous over several spans
without expansion joints.

Hinge Curl — Unwanted deflection of the cantilever portion of a hinged span caused by
application of the full prestress force to the member in its unloaded state.

Lightweight Concrete — Unit weight of concrete that is <125 Ib per cu ft.
Normal weight Concrete — Unit weight of concrete that is > 145 Ib. per cu ft.

Partial Prestressing — Technology wherein the structure is designed with a combination of
prestressing steeland mild steel reinforcing. See " A Design Procedure for Partial Prestressing
of Concrete Box Girder Bridges" by Steven B. McBride dated January 30, 1987.

Prestress Frame — That portion of a continuous structure between expansion joints to be
prestressed for it’s total length.

Prestress Path — Trace of prestressing tendon throughout the length of the member.

Prestress Shortening — Elastic and inelastic shortening of a member due to the application of
the prestressing force.

Primary Prestress Moment — Moment resulting from the eccentricity of the prestress tendon.

Resultant Moment — The resulting moment due to prestressmg is the algebraic sum of the
primary and secondary moments.

Section 3 — Prestressed Concrete FPage 3-5
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Secondary Moment—Momentresulting frominduced reactions at the supports of a prestressed
continuous member. The term "secondary” is somewhat misleading since the moments are
not always secondary in magnitude and therefore play an important part in the stresses
along the member.

Ultimate Moment Check—Comparison of amember's flexural strength to factored loads given
in Table 3.22.1A of the Spec. Article 3.22.

Working Stress Design —Otherwise termed "Service Load Design”; the design of members by
application of loads without load factors.

3.1.2 Advantages of Prestressed Concrete

1.
2,

9.

10.

Reduction of concrete and steel quantities.

Considerable reduction in depth of section, not only relative to reinforced concrete,
but also relative to structural steel.

Crackless concrete within a known range of load. This results in greater durability
under severe conditions of exposure.

Possesses maximum rigidity under working loads and maximum flexibility under
excessive overloads.

Provides capacity to supportaload in excess of the designload inwhich cracksappear
but disappear completely on removal of the excess load.

Provides resistance to repeating and alternating loads even when exceeding the
design load.

Produce definite reduction in diagonal tension which leads to fewer stirrups needed
for shear.

During the prestressing operations, the steel is tested to a stress that will never again
be reached under designloads. The same applies to the concrete, inmany cases. Thus,
it can be said that the materials in the structure are tested before being subjected to the
working loads. This "in place" testing is impossible in ordinary reinforced concrete
structures.

Makes it possible to control and/or reduce long term deflections.

Added flexibility for construction of continuous multi-span frame.

3.1.3 Disadvantages of Prestressed Concrete

1
2.

Page 3-6

The prestress structure is more sensitive to quality of workmanship and materials.

Creep and shrinkage of the concrete and relaxation of the prestressing steel are
important considerations which need to be considered by the designer. This is
especially so if lightweight concrete being used.
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3.1.4 Prestressing Force

There are two methods of applying prestressing force."Pretensioning” indicates that
tensioning of the steel is done before the concrete is cast in the forms. "Post-tensioning”
means that the steel is tensioned after the concrete has been cast and attained the required
strength. In the former, the force is transmitted by bond between the steel and concrete. The
initial prestress is immediately reduced due to the deformation and shrinkage of the
concrete. Gradually these losses are increased by further shrinkage and creep of the
concrete. In "post-tensioning” there are no immediate losses but there is a gradual loss due
the shrinkage and creep of the concrete and the relaxation of the steel. Consequently, for
equivalent members the "pretensioning” method requires a greater initial prestressing force
to compensate for the larger losses.

"Pretensioning" is practical only with factory or mass production facilities, since permanent
external anchorages are required to take the reaction of the stressed strands until the
concrete attains the required strength.

Several methods of stressing and anchoring "post-tensioned” steel are in use. The methods
used most commonly in the United States at the present time are illustrated in publications
issued by the industry. The Office of Structure Construction publishes its “California
Prestress Manual” which also contains illustrations of current hardware.

3.1.5 Formulas for Design
Since the theory of prestressed concrete design amounts to superimposing stresses caused
by various stages and conditions of loading, a general equation can be written as follows:

P
F= ~£— * % * f (General Prestressing Equation)

F = resulting stress in the concrete.

y = distance from the centroidal axis at a desired stage and condition of loading.

P = the prestressing force acting at this stage.

A = area of concrete or equivalent area of concrete used in a particular method of design.
e = distance from the center of gravity of the section to the centroid of the cable path.

section moment of inertia.

—
Il

f = thestressy distance from the centroidalaxis caused by stage and condition of loading
on the member. This stress is computed as if the member were a homogeneous
material.

That is, f = -I\% (i.e., -DL + LL + I Stresses) =

Section 3 — Prestressed Concrete : Page 3-7
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For example, consider Figure 3-2. The girder of span length "L" has justbeen prestressed. At
thisstage the only externalload acting is the dead load of the girder (the effect of prestressing
is to lift the girder from its soffit). Therefore, the stresses in the top and bottom fiber at this
time are:

1 e
Fy = Pi(z—%)"‘ far (Eq. 1)

fav fap = Girder DL stress top and bottom
Fy; =P; [l‘*‘%)— fap (Eq.2)

F,; = resulting stress in top fiber — initial

Fy; = resulting stress in bottom fiber — initial

( C.G. of section

A A
~
o @
>
[ =
@ Y > P
Section At Midspan
/— C.G. of prestressing force
4 1
I — |
A A
L =
Elevation
Figure 3-2
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Assume next that, in time, the girder has lost part of its prestressing force. This loss is due to the
reduction of stress in the prestressing steel caused by the shrinkage and creep of the concrete, and
the creep of the steel. The P;in Equations 1 and 2 in time become Py. Now any load superimposed
upon the girder changes the stress distribution in the section. Also, the force Py is increased due
to the fact that the girder deflects under the superimposed or live load. The increase in P; is
neglected in the discussion at this time since, in the design example, the effect of the increase in
steel stress will be considered. The stresses in the top and bottom fiber at the stage of loading
consisting of the dead load of the girder and the superimposed or live load are as follows:

1 ey,

Fxr = Pr(X"T)"‘% +fa: (Eq 3)
1 ey

F;=F (}: 2z _—fh_] ety (Eq- 4)

where f,,, f,, = stresses due to added DL and LL + I, top and bottom.

Note: In equations 1 through 4, use only the numerical values fg, f.;, fap, and fo. The
equations will give the correct sign. A plus sign indicates compressionand a minus
sign indicates tension.

3.1.6 Allowable Stresses (Spec. Article 9.15)

A. Prestressing Steel

Stress at anchorage after seating:

Pretensioned members: for stress-relieved strand: 0.70 ',

for low relaxation strand: 0754 .
Post tensioned members: 0208,
Stress at service load after losses: 0.80 £,

where: for stress-relieved strand: f*, = 0.85 f’;
for low-relaxation strand: f*, = 0.90 ',

(Jacking stress is 0.75 f’, max at any time)

B. Concrete

1. Temporary stresses before losses due to creep and shrinkage:

Compression
Pretensioned members: 0.60 f*
Post-tensioned members: 0.55 £/,

Section 3 — Prestressed Concrete Page 3-9
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Tension
Segmental elements without auxiliary
nonprestressed reinforcement in the tension zone: zero
Other areas
In tension areas with no bonded reinforcement: 200 psi or 3/f;

Where the calculated tensile stress exceeds this value, bonded reinforcement shall be
provided to resist the total tension force in the concrete computed on the assumption of

an uncracked section. The maximum tensile stress shall not exceed: 7.5@
2. Stress at service load after losses have occurred:
Compression: 0.40 f,
Tension in the precompressed tensile zone
(1a) For members with bonded reinforcement: 6\/E
(2a) For Environmental Area III and marine environment: 3-\/E
(b) Dead load tension: zero
(c) For members without bonded reinforcement: zero

To determine theworking stress in prestress, the following losses must be considered:
(1) anchorage slip, (2) friction losses due to curvature (u$) and wobble (KL), (3)
elastic shortening of concrete (ES), (4) creep of concrete (CR,), (5) shrinkage of
concrete (SH), (6) relaxation of prestressing steel (CR,). The table below gives total
losses for all causes except (1) and (2):

C. Assumed Losses (Spec., Article 9.16.2.2)(Table 9.16.2.2)

Pretensioning strand: low relaxation: 35,000 psi
normal relaxation: 45,000 psi
Post-tensioning (friction losses not included)
Wire or strand: low relaxation: 20,000 psi
normal relaxation: 32,000 psi

Bars: 22,000 psi

Page 3-10 Section 3 — Prestressed Concrete




‘t IR Bridge Design Practice — March 1993 Il

3.1.7 Design Theory

Prestressed concrete members shall be designed as follows:

The prestressing force shall be determined by Allowable Stress Design using elastic theory
for loads at the service level considering FHS Loads.

The ultimate moment capacity shall be checked by Load Factor Design using ultimate
strength theory for loads at the factored level considering HS Load or P’ Load, whicheveris

greater.

Shear design shall be based onstrength (Load Factor Design) using ultimate strength theory
with factored HS Load or P Load, whichever is greater.

3.1.8 Design Parameters

A. Minimum Depth to Span Ratios {(BDA 10-26 thru 10-28)

For Cast-in-Place Prestressed Box Girder

Simple Span D/5=0.045
Multi-Span Continuous D/5=0.040
Haunched Structure

At the bents /5= 0.048

At midspan and abutments /S = 0.028
For Precast Prestressed | Girder
Simple Span D/5=0.055
Multi-Span Continuous D/S = 0.050
B. Minimum f, and ',
For post-tensioned members (MTD 11-3)
Use ' = 4000 psi, f', = 3500 pst
For pre-tensioned members (Spec. Article 9.15)
Use f'_= 4000 psi, £’ = 4000 psi

C. Frame Length

Frames with continuous tendons may be economical up fo 750 ft. or morc in length.

Section 3 ~ Prestressed Concrete . Fage 3-11
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D. Single End Stressing

Designer should consider single-end stressing for frames of two, three, or four spans or
where the increase of prestressing force is less than 3 percent.

3.1.9. Assumptions

The following assumptions are made:
1. Strain varies linearly over the depth of the member throughout the entire load range.
2. Before cracking, stress is linearly proportional to strain.

3. After cracking, tension in the concrete is neglected.

3.1.10  Design

Bridges shall be investigated for stresses and deformations at each loading stage that may
be critical during construction, handling, transportation, erection and the service life.

3.1.11 Load Factors

Load Factors g and b are multiples of the design load thus allowing for variation in loading
of the structure and assuring its safety. The Required Strength U is then obtained:

Mu, V,, LOAD,, STRESS, =7 [(bp)DL + B(LL + I)] + (Bps)PS
where: v = load factor (Spec., Tables 3.22.1A and 3.22.1B)
B = coefficient (Spec., Table 3.22.1A)
Service Load Design: y=1.00, Bp=1.0, B 4 yyn = 1.00
Load Factor Design:y = 1.30, Bp = 1.0, B , ;s = 1.67, B, p = 1.0
3.1.12  Strength Reduction Factors

Reduction factors (¢) are related to material and are called Strength Capacity Reduction
Factors in Spec. Article 9.14, or Strength Reduction Factors in Spec. Article 8.16.1.2.
Reduction factors assures that a conservative estimate of the actual strength is used.
Calculated capacity of the member is usually called Nominal Strength S,.

The product of Nominal Strength (S,) and of the Strength Capacity Reduction Factor (9) is
called Design Strength (Sp)of the member and in general terms may be expressed by the
following equation:

U <Sp =4S,
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In terms of moment, shear, or load we obtain:
M, < oM,
V.<oV,
P,<¢P,
where: ¢ = strength reduction factor (Spec., Article 8.16.1.2 and Article 9.14)
= 1.00 for precast prestressed
= 0.95 for cast-in-place post-tensioned
= 0.90 for shear, torsion
S, = general term for nominal strength
M, = nominal moment

V_ = nominal shear force

n

P_ = nominal axial force etc.

n

3.2.0 Design of a Simple Span Prestressed Precast "I" Girder Bridge

In designing prestressed structures there are various factors which influence the type of
member, concrete stresses, and prestressing force to be used. Insome cases where the minimum
depth is the important factor, the limiting concrete stresses could very well determine the
design. However, where the depth is not critical, the determining factors may be the quantity
of concrete compared to the quantity of prestressing steel. It is quite apparent that a shallow
depth, while requiring less concrete, will require more prestressing steel than a deeper section.
In other words, for any site there are various combinations to be checked in order to obtain the
most economical structure.

It is not the purpose in this section to discuss the economics of the various types or designs. In
the design to follow, it is assumed that the structure selected is the one best suited by site
requirements, economics, and other factors.

On the following pages, calculations for the Standard "I" Girder are used to demonstrate the
design of a precast prestressed girder with a composite slab. The calculations for any precast
prestressed girder would be similar. The Standard "I" Section has been found to be best suited
for aminimum depth to span ratio of 0.055 for simple spans and 0.050 for continuous structures,
and with girder spacing from 7 ft. to 8 ft.

The gross section properties are used first in the calculations, followed by solutions using net/
transformed sections. Most of our prestressed concrete designs allow the use of pretensioning
or the various systems of post-tensioning. However, pretensioning is the choice most contractors
will elect unless other constraints exist such as girders too long to be transported or too large
a prestressing force for the casting bed.
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The net/transformed section will vary depending on the number, size, and location of tendon
holes for post-tensioned units; and the area and location of prestressing steel for pretensioned

units.
These variations complicate the net/transformed design of a girder.

It should be noted that computer programs for prestressed concrete girders make it practical to
design using net/transformed section properties.

At this time, both post-tension and pretension steels are most commonly supplied with nominal
ultimate strength value of 270 ksi. This value of {', is used in subsequent examples.

3.2.0.1 Design Example

1‘-9“ L 32‘-0" Ll 1'-9"
Type 25 Concrete Barrier I/?

4-2" @ @ of bearing
2

\.._11

ERL 4@ 7-4"=29-4" Ts‘q“’

Typical Section

Design Span = 68'
Depth / Span = %' — 0.061 > 0.055 OK

Figure 3-3

Note: We will design a typical interior girder. For section properties of standard I girders
see BDA 6-1.
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Deck Slab

Section 3 — Prestressed Concrete

Design Span = (7'4") - (1'-7") = 5'-9" (BDD 8-30)

Top Slab Thickness, t = 7%4in

Loads and midspan moments — Interior

Weight of concrete = 150 1b/ft3

Area of Type 25 concrete barrier = 2.61 ft?

Weight of Asphalt Concrete (AC) surfacing = 35 Ib/ft?

DL Girder = 15.%-:—7}— =4941b/ft Use 0.50 kips/ft
DL Slab= [(0.594 x 7.33) + (0.08 x 1.58)] x 150 =6721b/ft Use 0.67 kips/ft
DL Railing = 2.61 XlSOX% =1571b/ft Use 0.16 kips/ft
DL AC Surf = 35 X 3—52 = 2241b/ft Use 0.22 kips/ft
Total DL = 1.55 kips/ft

r 2
For simple span, M., = % For live load moments in simple spans see BDA 9-1 and 9-81.2.

2
Mp, (girder) = %—6@— = 289 kip ft = 3.47 x 10 in Ibs

2
Mp, (slab) = 9:678-ﬂ = 387 kip ft = 4.65 x 106 in Ibs

2
Mp,; (railing) = %68— = 092 kip ft =1.11 x 10¢ in Ibs

2
M,c = 9___2__2_;_@_ = 289 kip ft = 1.53 x 10¢in Ibs
(MiL.Dus =Maximum Moment HS Loading, one lane x Impact*x Number of Lanes

per girder**
=950 x 1.259 % 0.666 = 797 kip ft = 9.56 x 10 in Ibs

Mz = 1560 x 1.259 % 0.666 = 1309 kip ft = 15.78 106 in Ibs

Page 3-15



‘t I Bridge Design Practice — March 1993 Il

The sequence of imposition of stresses on the girder is as follows:

a. Tendons are stressed within the form for full dead and live loads, the girder is poured and
after the concrete sets the cables are cut, transferring stresses to the girder (Figure 3-4a).

b. The girders are erected on the structure supports and the top slab is poured. Additional
stresses are introduced into the girder due to the slab weight. Prior to the setting of
concrete, the slab does not contribute to the section modulus (Figure 3-4b).

c. After the slab sets, it acts with the girder as a composite member and helps to resist
stresses by adding to the section moment of inertia stresses are due to full dead loadsand

live loads (Figure 3-4c).
AN Y Y Y Y e LL
’\\\ SN e Barrier &AC DL
T i LLLl /7 20% giap DL
M___,_/i Bosscs st o e
a b e
f (R (I 1
Loads: P/S + DL (Girder) P/S + DL (Girder + Slab) P/S + DL (Gird + Slab + Batrrier, etc)
g H gird I gird I comp
() (B (c)
Figure 3-4
50 50 .
% t, ] =——= = 0.259% (Spec. Article 3.8.2.1
Impact, L= 1135 634125 aOpsetEe e )
**Number of Lanes per girder RELC x Wheel Lines x lLane. el =0.666
5.9 2 Wheel Lines 11

(Spec. Table 3.23.1)
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3.2.1 Design — Cross Section, Pretension

Properties of Girder only — Gross Section

I =95,000 in* ]i_yt Important Equations
A =474 in? Y 5
 =22.01 ’ A Ibot:om :loo'i'ZAY"
Yy aamis T Yb I = ] =y KD
Y= 20.0 in Y _ og bottom ~ <~ ¥

Stresses at this stage and after the pouring of the slab, at the top and bottom of girder are

computed from and f=¥ are as follows:

Top Fiber (psi) Bottom Fiber (psi)
6 6
DL Girder 3.47 x10° x22 ~ 804 3.47 x10° %20 — 73
95,000 95,000
4.65x106x22 4.65x106 x 20
DL Slab —_— =1077 ————— = 979
? 95,000 95,000
Total DL = 1881 psi (Compression) = 1710 psi (Tension)

(Note: Carry these stresses forward to the summation of DL + LL stresses.)

Properties of CompositeSection (Girder & Slab)
Assume fillet thickness = 7% .

Effective Flange Width: (Spec. Article 8.10.1.1)
6 X t;= 6% 0.594 = 3.564 ft
1 S =14 (5.75) = 2.875ft < 3.564ft use 2.875ft

Total width=2 x2.875+ 158 =7.33ft<1/4 L = 6748 = 17.0ft

Therefore, 7.33 ft controls — use this as the effective flange width. Assume the dimension
of the bottom of the girder to the C.G. of the prestressing steel (cgs) to be 321in. at
midspan.

Then,
e=200-35=16.5in

33x12x7.1253
1, Bl 2 SRR RO e it
12 12
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Properties of Composite Section

A y Ay Ay? Ioo
Girder 474 20.00 9,480 189,600 95,000
Slab (88 in. x 7! /8 in.) 627 46.44 29,118 1,352,234 2,653
= 1,101 in2 38,598 in3 1,541,834in%* 97,653 int

I about the bottom of girder = 1,541,834 + 97,653 = 1,639,487 in.*

SAY _ 38,598
A ' 1101

(ZA)y,” =1,353,353 in*

=35.06 in

SO
Ly = 1,639,487 - 1,353,353 = 286,134 in.*

For investigatioﬁ of fiber stresses at the top of the girder:
Y, =42.0-35.06 = 6.94 in.

and, similarly, at the bottom of the girder:

Y, = 35.06 in.
Top of Girder (psi) Bottom of Girder (psi)
6 '3 - g
DL AC Surface 1.53x10°%6.94 _ 37 1.53x10°%35.06 _ 187
286,134 286,134
6 6
DL Railing 1.11x10°%6.94 _ o7 111x10°%35.06  _ 136
286,134 286,134
Previously calculated DL = 1881 * = 1710 *
Full DL = 1945 = 2033
6 6 %35
(LL+I)H 9.56x10 j<6.94 - 23 9.56 x10°%35.06 _ 17
286,134 286,134 &
Total DL+LL = 2177 psi (Compression) = 3204 psi (Tension)

*Previously calculated stresses, see page 3-17
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Determine Prestressing Force, P.

2033 psi (no tension allowed under DL's
3204 - allow ten = 3204 - 64ff.
3204 - 6+/4000 = 2825 > 2033 psi

Design stress, DL only Design for the larg
1 er

I

Design stress, DL + LL
gn of_ the two stresses.

Therefore: o fges =2825psi

This stress is countered by that induced on the girderby prestressing. At first, the girder
will resist the prestress without the contribution of the top slab to the section modulus

and:
fres il SO, solving for P = foes
A Igirder i+ e}!b
. A Ip’rder
e 2825
. F( 1 +16‘5x20)
474 95000

P = 505,965 Ibs., use P = 510 kips. (MTD 11-8)

It should be noted that in most pretension girder designs, the total stress (X DL + LL)
controls the final force. However, it can be predicted that in certain structures, such as
a pedestrian overcrossing, where live loads are small, dead load stress will be higher
than the total stress less allowable tension and therefore control the pretensioning force.

We will complete the design for the pre-tensioned girder only, noting that the procedure
for a post-tensioned beam is similar and that only the losses in the prestressing steel are
handled differently.

Effective Stress = 0.75 f', - Assumed Losses (using low lax strands)
Effective Stress = 270 x 0.75 - 35 = 167.5 ksi

From above: P = P = 510 kips

A, =210 _304in2
167.5

At the time the girder is stressed a portion of the total loss of 35 ksi will have occurred.
We assume that this amount is 13 ksi. The remainder, 22 ksi, will be lost after initial
prestressing force, p;, has been applied.

Therefore, for the purpose of computing f’

P, = P;+ A* (losses after transfer) = 510 + 3.04 x 22 = 577 kips
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577 1 16.5x22
474 985,000

1 16.5x22
510 ————
474 95,000

]x1 000+804=-183 psi (Tension)

)x1 000+2177=1304 psi (Compression)

1 16.5x20

577x| ——————— |x1000-731=2491 psi (Compression)
474 95,000

510x[“’_—-1_5£§39}x1 000-3204=-356 psi (Tension)

474 95,000

Table 3-1

Concrete Strength Determination (f’) (Spec. Article 9.15.2.1)

Temporary Stress Conditions:
2491

0.60
Tension; allowable stress = 3Jf:’ or 200 psi maximum.

3+/4200 = 194 psi.
183 psi < 194 psi — OK.

Compression; f';; = = 4151 psi, use 4200 psi minimum.

Design Load Stress Conditions:

1304
Compression; . = 6—%}- = 3260 psi < 4200 psi, therefore use

f' = f’,; = 4200 psi minimum.

Allowable Tension; 6+/f/ = 6+/4200 = 389 > 356 — OK.
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3.2.2 Design — Net/Transformed Section, Pretension (Holes for Prestressing

Steel)

It is logical to assume that P¢could be less in a net/ transformed section design than in the
preceding example. Using the gross section design as a guideline, estimate that P; will be
approximately 480 k. Since this is a pretensioned member, the controlling value for working
stress in the steel is 0.75 x 270 - 35 = 167.5 ksi and for the purpose of design, A*, = 480/167.5
=2.87in.2. Useanaverage value of n=7,and again at midspanassume that cgs = 3'2in.above
the bottom of the girder.

Properties of the Girder Only — Net Transformed Section

A y Ay Ay? I,
Girder 474 20.00 94800 189,600 95,000
Equiv. Conc. Area
AMm-1)=287x6 17 3.50 59.5 208 =
= 491 in? . 9,539.5in.> 189,808 in* 95,000 in.*

[ about the bottom of girder = 189,808 + 95,000 = 284,808 in?

- 9539.5
Y=Y =

=19.43 in.

(CA)y,? = 491 x 19.43? = 185,365 in 4

and
I = 284,808 - 185,365 in.4 = 99,443 in [Ibottom - (EA)ybz]

y,=42.0-19.43 = 22.57 in.
e=19.43-35=1593in.

Stresses Net Transformed Section

DL Girde

DL Slab
Total DL

Section 3 —

Top Fiber (psi) Bottom Fiber (psi)

. 3.47x10°X22.57 _ o0 3.47x106x19.43 _
99,443 B 99,443

4.65x10°%x22.57 . 4.65x106x19.43 _
99,443 - 99,443

= 1843 psi (Compression)

Prestressed Concrete

678

909

1587 psi (Tension)
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Properties of Composite Section

A y Ay Ay? I
Girder (Net/Trans.) 491 19.43 9,540 185,365 B 99,443
Slab (88 in. x 7/8 in.) 627 46.44 29,118 1,352,234 2,653
S= . 1,118 in? 38,658 in® 1,537,599 in.* 95,000 in.*

I about the bottom of girder = 1,537,599 + 102,096 = 1,639,695 in4

~ 38,658

e = 3458 in.
Yo© 71118 m

(CA)y,2=1,118 x 34.582=1,336,878 in.*
and

I.. = 1,639,695 - 1,336,878 = 302,817 in*

cge’
For investigation of fiber stresses at the top of the girder:

y, = 42.0 - 34.58 = 7.42 in.

Stresses — Composite Section

Top of Girder (psi) Bottom of Girder (psi)
. 6 6
DL AC Surface 1.53x10°% x7.42 _ 37 1.53x10°%x34.58 - 175
302,817 302,817
6 6
DL Railing 1.11x10% x7.42 - o7 1.11x10°x 34.58 - 127
302,817 302,817
Previously calculated DL =1843* = 1587 *
Full DL = 1907 = 1889
_ 9.56x106 x7.42 9.56 106 x 34.58
LL+I = 234 = 1092
(L )H 302,817 - - 302,817 T
Total DL+LL = 2141 psi (Compression) = 2981 psi (Tension)

*Stress carried over from girder only calculation.
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Allowable tension at design load after losses = 6JE
Assume f’, = 4000 psi
= 6~+/4000 = 379 psi
Then, try 379 psi tension and using the net/transformed girder area:
faes = 2981 - 379 = 2602 psi > 1889 psi (DL + added DL only)
Therefore, use fd, = 2602 psi.

2602

P = = 505,146 Ibs. Use 510 kips.

(1, 15.93x19.43 2roilmntsesliiaps
291 99,468

Since this is about the same Py as the previous solution, we will not redesign again as the
answer will not change significantly.

£ =0.75f-35=167.5 ksi

A%, =t
k

s

. _ 510

i = 3.04in2
167.5

and for the purpose of computing f’;;
P;=P¢+ A, x Losses = 510 + 3.04 x 22 = 577 kips
Fore=19.43-35=1593in.
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577x 1 15.93x22.57
491 99,443

Jx‘t 000+788=-123 psi (Tension)

1 15.93x2257

510x(
491 99,443

]x1 000+2141=1336 psi (Compression)

1 1593x19.43
491 99,443

]xi 000-678=2293 psi (Compression)

smx[i _ 15931943 0, 2981--354 psi (Tension)
491 99443
Table 3-2

;2293 ‘

i ag e

'~ 0.60 P
ff.= 1580 3340 psi

0.40

Use f', = 4000 psi

Current practice allows that pretensioned beams may be constructed with as few as two
hold-down positions. The harping of these tendons near the girder ends help to control
deflections and tensile stresses in the upper flange. The path of the prestressing steel

might then be:
e
|
[ — L 11
b

L/3 L/3

L/3
L - -
- Call ) F ol -

By inspection we can see that at the L/3 points, the stresses (from the prestress effect
alone) are unchanged from their values at midspan. The stresses in the composite
section, however, are reduced in the ratio of reduced moment.
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L_ Wx(L/3)x(L-L/3) or wl?

For the uniformly distributed dead loads, moments at ;g = 5 5

2 2
Wi ~:~% or'0.89;

and the ratio of L/3 point stresses to midspan stresses is

For a 68ft span it can be shown (influence lines) that LL + [ moments @ L/3 equal
approximately 0.91 of the midspan values. For span lengths in general, it is sufficiently
accurate to use the ratio 0.89 for all L/3 point stresses.

Then:

SWx(L - M]x1000+(788x0.89)=—210 psi (Tension)

4N 99,443

1 15.93x22.57

x1000+(2141x0.89)=1101 psi (Compression)
491 99,443

510><[

1 15.93x22.57
491 99,443

577x[ JxT 000+(678x0.89)=—2368 psi (Compression)

510x[i + M)ﬂ 000-(2981x0.89)=~26 psi (Tension)

491 99,443

Table 3-3

Concrete Strength Requirements

Temporary stress conditions:

Compression; f';; = =00 3947 psi > f’, at midspan, however less than 4000 psi.

0.60
Tension; allowable stress = 3\/f—: or 3+/4000 = 190 psi or 200 psi maximum.

Maximum temporary tensile stress = 210 >190. It may be assumed 2-#4 mild
reinforcement will resist 20 psi

tension (see below).
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1101
Compression; f'. = 6?6 = 2753 psi @ L/3 point < ' (3340 psi) at midspan.

Usef.=f ;= 4000 psi.

The fiber stresses at the L/3 points were -210 psi and +2368 psi at the top and bottom of
the girder, respectively. With these stresses, f'.; would appear to be governed by the
temporary tensile stress in the top fibers of the girder, with a required value of 4900 psi
(f';=(210/3)2=4900psi). (1) Specifications, however, allow thatauxiliary nonprestressed
reinforcement may be provided to resist the total tension force (computed on the
assumption of an uncracked section) provided the tensile stress does not exceed 7. 51, .

If the other controlling stresses permitted the use of 4000 psi concrete, it is more sensible
to provide this reinforcement than to raise the value of concrete strength above 4000 psi.

Mild Reirﬁorcement:

Locate neutral axis, x (see Figure 3-5).

o 2R il

= 2368+ 210
Condition of Stress:

210psi y

N
_+_ 42"

2368 psi

Figure 3-5

Section 3 — Prestressed Concrete
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The upper portion of the girder cross section is:

1 |_’7|F
- Y
3.42"
XY (Tension)
A N / [
(Compression)
6”
Y
A
¥
?u

We could be slightly more accurate, but it is conservative and sufficiently correct to say
that the total tension force F, = (V2 x 210) x 3.42 x 19 = 6823 Ibs. Using nonprestressed
reinforcement (mild steel) at a working stress of 24 ksi, the required steel area = 6823/
24,000 = 0.28 sq. in. which we would supply by using two (2) full length #4 bars. (A, =
2x0.20 = 0.40 in?). With the addition of this reinforcement, the design to this point will
be adequate using f’. and f’; = 4000 psi.

3.2.3 Design — Net/Transformed Section, Post-Tension

The design of the girder for these conditions would follow the pattern of the preceding
example and will not be repeated here.

Listed below are some differences in the design approach which should be considered:

1. Girder properties would be cross section properties less the effects of the assumed
number, size, and location of the tendon holes.

2. Itisnecessary toinvestigate fiber stresses only at midspan since the tendonwill drape
in an approximately parabolic shape from anchorage to anchorage.

3.  Posttension losses due to cable relaxation are different and there are additional losses
due to anchorage slippage.

3.2.4 Ultimate Moment

The girder design of Section 3.2.2 will be used in a typical example of the required check for
ultimate flexural capacity of the girder. Refer to Spec. Articles 9.17 and 9.18.
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A%, = 3.04 in2

b =74"

d =50"-3.50"=46.50in. or 3.88 ft

f, =3250 psi = 3.25 ksi (deck concrete)

f. =270 ksi

then
.y 3.04

P94 ~ 7.33x3.88x144

=7.44 x 104
P = f;(l ~MJ (Spec. Article 9.17.4.1)

= 270 x 0.9691
= 262 ksi

The neutral axis (at ultimate load) is assumed to be in the web if the flange thickness is less
than

14dp*f, 14x3.88x(7.44x107#)x262x12
i N 3.25

(Spec. Article 9.17.3)

=3.90" < t = 7" and the N.A. at ultimate load is in the flange, therefore the
design is treated as a rectangular section.

p £, (7.44x107 %)% 262 .
; PR = 35 =0.060 <0.30 (Spec. Article 9.18.1)

failure of the steel rather than of the concrete will occur at ultimate load and the ultimate
flexural strength of the section is taken to be

M, = ¢ A%, f*sud(l “%—Ef-—f—i‘-] (Spec. Article 9.17.2)
C 2

where ¢ = 1.00 for precast members (see page 3-13)
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S0,

0.6x(7.44x10~ ) x 262
M= 1.00 X 3.04 X 262 x3.88 | 1~

3.25
= 1.00 x 3.04 x 262 x 3.88 x 0.9641
= 2980 kip ft

Load factor moments applied (Spec. Article 3.22)

M, (H) =13 [MDL +'§(MLL + I)H] =13 {895 +§(797)} =2890 kip ft

M, (P) = 1.3 [MD,_ +(Myp +1)p}= 1.3 (894 + 1309) = 2865 kip ft

M, = 2980 > M, (H) = 2890 kip ft OK

Had the value for M, been significantly smaller than load factor moment applied, it would
be possible to use nonprestressed reinforcement in the manner allowed by the Spec. Article
9.19. The contribution of this reinforcing to the tensile strength of the beam (at ultimate) can
be computed from the relationship:

0.6
M, =0 Af,d [1 ——;&] 1) (Spec. Article 8.163.2.1)
where { is taken as 60 ksi

3.2.5 Path of Prestressing Steel

The ideal path for the prestressing steel in a simple beam is parabolic with as much
eccentricity from cgc at midspan as is possible. The reason for this should be evident in that
the moment envelope for dead and live loads is also approximately parabolic. In a
pretensioned girder, the parabolic path is approximated with harping points located at two
or more positions in the span length.

At the anchorage ends, eccentricity from cgc may either be zero or some value above or below
cgc which remains in the kern limit, so as to insure compression over the entire section. Kermn
limits for prestressed beams are: I/ Ay,, as the limit below cgc, and I/ Ay, as the limit above cgc.

(1) This must use an equivalent compression block that is a combination of p/s and mild

steel

A *S f *su +AS£5\-’ . al a f ﬂ d i
= — or equivalent equation tor ftlanged sections.
0.85f b quivalent &g 8 '
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Changing the eccentricity of cgs at the ends (but remaining in the kern) is an effective means
of controlling the deflection pattern of the beam, and is a method often used to establish the
condition that DL deflection and prestress uplift are equal values of opposite sense.

3.2.6 Shear

Due to the complicated nature of the prestress shear calculation, as introduced in the 1977
AASHTO, this topic is completely covered under 3.4.12 “Design of a 2-Span Continuous
Cast-In-Place Prestressed Box Girder — Shear.”

3.2.7 Deflections

The upward deflection due to theuniform load and end eccentricity of the post-tension force
is calculated by the equation:

PL:
P=18El (5e, + 6e;) when e, is below girder center of gravity.
2
P = 48EI (5e, - 6e;) when e, is above girder center of gravity.

[ CG Girder

o

The upward deflection due to the concentrated loads at the harping points and end
eccentricity of the pretension force is calculated by the equation:

2

Ap = ST El (23e, + 27e;) when e, is below girder CG.

12
Ap = _2%5-15 (23e, - 27¢;) when e, is above girder CG.

For deflection calculations assume:

E =W x33./f/

C

V4000 _ 3834 yei

= 15015
%33 To00
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/- CG Girder

Deflections due to dead loads are:

S5wl?
384 FEIl

ADL =

At the time of stressing the midspan of the girder will rise by an amount equal to (AP; -
ADL,,). Because the bottom fiber is more highly stressed than the top fiber, the girder will
continue to rise with the passage of time (this is true even though the prestress force
decreases). The total amount that the girder will rise is dependent on its age at the time the
uniform load of the slab concrete is applied.

Allowances can be made for this situation using the following values for coefficient of creep.

Time Coefficient of Creep
2 weeks 1.25
9 weeks 1.50
20 weeks 1.75

It is common for us to assume in camber calculations, that the coefficient of creep is
approximately 1.5 and that the prestress force has relaxed to a value of about 0.89 P;.

3.3.0 Design of an "I" Girder Continuous for Live Load

Most multi-span structures using precast prestressed girders are designed for continuity under
live loading. This eliminates bearings and expansion joint details at the bents and provides
riding qualities superior to those of simple span construction. There are also the added
advantages of reduction of prestressing force, reduction of required concrete strengths, and
some overall economies resulting from the simplification of details.

Assume the use of the same typical section and standard girders as were used in the previous
example (Section 3.2.0).

Using a constant moment of inertia, the frame shown (when loaded to produce maximum
conditions) yields the following live loads plus impact moments and DL moments (see Table 3-4).

B
A

68" I 68" 68"
i

5 -
A

T
> o
Y o

Y
A
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613 995 54 74
513 820 18 - 25
Positive moment per girder at midspan

-477 -1188 -73 -100

Negative moment at face of support

Table 3-4

Reinforcing for negative moment is placed in the top slab in structures of this type. The girders
willresist dead load stresses as simple span members, butwill actas continuous frame members
when loaded by the rail, AC surface, live and impact loading.

Table 3-5 indicates the design moments for these girders.

The girder design procedure is the same as shown previously and therefore willnot be repeated
in this example.

387
289 387 18 25 513

Table 3-5

3.3.1 Negative Reinforcement

The remaining element of design for this type of structure is to determine the amount of
negative reinforcing over the bents as required by the loads for which the structure will act
as a continuous frame.

Assume that the design of the girders requires . to be 4000 psi. We will design by ultimate
strength theory using load factors of 1.3 [D +5/3 (L + I)gj or 1.3 [D + (L + I}p] whichever
produces the greater moments in order to be consistent with the design of the girders.

For this example assume that the "compression flange" section of the I girder has an effective
depth or h; = 8.75 in. so that the analysis may be based on a rectangular section condition.

Section 3 — Prestressed Concrete
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The ultimate resisting moment of rectangular sections with tension reinforcement only is
calculated by:

M, = ¢Asfy[d -%J =2.25(2d ~a)A,

where

Loty B
 0.85f/b

, ®=0.90, d and a are in inches and A, is in square inches.

5
Mi.HLoaas = 1.3(173 + 3 x 477) = 1258 kip ft

M. pLloaas = 1.3(173 + 1188) = 1769 kip ft — controls
M,.=1769 kip ft '

d =465in.
b =19in.
b, =7in
h, =875in.
f'. =4000 psi (PCPS Girder Concrete) (MTD 11-3)
Mur g}’ AS
A, =—-2 a= :
2.25(2d —a) 0.85f’b
_ 1769 _ 60xA,
T 2.25%(2x46.5-a) 0.85x4x19
_ 7862 =0929 A, (in.)
93-a

Let a=h;=8.75in.
a=8.75in. A,=932in?
a =8.66 A =932
a=8.66<8.75in.— OK
A,=9.32in2

Note: A, can also be found by solving a quadratic equation formed from the above
relationships between A_ and a.
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From reinforced concrete design,

0.85f2(b—by, )h;

£,

A, o = 0.0214 b, d + 0.75 A, = 0.0214 b, d + 0.75 x

5 max

0.85%x4.0x(19-7)x8.75
60

=11.43>9.32in? — OK

A

5 Mmax

=0.0214 (7 x 46.5) + 0.75 x
Assume additional #9 bars are to be used as mild steel, in conjunction with the continuous
top mat longitudinal slab bars shown on page 8-30 of Bridge Design Details.

Try 9-#9's in addition to the continuous slab bars for each girder.

A, =9%x1.0+0.80=9.80> 830 in?— OK

M,, = 2.25 x [(2 x 46.5) - 9.10] x 9.80 = 1850 > 1769 kip ft — OK

Therefore, add 9- #9’s to slab reinforcement for ultimate moment. At least ¥4 of negative
reinforcement shall be extended past the point of inflection, 9.32/3 = 3.11 in.2. Make 3-#9's
continuous and place over each girder.

A (continuous) = 3 x 1.0 + 0.80 = 3.80 > 3.11 in.2 — OK (Spec. Article 8.24.3.3)

See Figure 3-6 for negative ultimate moments and reinforcing layout. Bar cutoffs would be
governed by the specifications for reinforced concrete, including extensions beyond the
point of inflection.
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e Symmetrical about

¢ Span g ST

Abutment

3-#9 and other continuous bars ﬁ

7-#9 and other continuous bars Bar extension
TN\ ¥~ (Spec. Atticle 8.24.2.1)

|
|
1769 kip ft | '
|
I

1850 kip ft : :-—— 9-#9 and other continuous bars

Negative Moments (Ultimate)
1" =400 kip ft
Figure 3-5
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3.3.2 Summary

No attempt is made in this section to cover all steps of the design. For those not covered, the
analysis will be similar to the illustrations in Section 3.2 "Design of a Simple Span
Prestressed Precast I Girder Bridge". Among these items are: Girder Design, Deflections,
Shear, Ultimate Moment Design.

3.4 Design of a2-span Continuous Cast-In-Place Prestressed Box Girder
Superstructure

3.4.1 Introduction

The design of continuous post-tensioned concrete members differ from the design of precast
members in that secondary moments are induced in the members due to prestressing.
Precast members are generally designed to be simply supported for dead load, and
continuous for additional dead load and live load, whereas the cast-in-place box girder is
designed as continuous for all loadings. Also, the cable pathis usually much longer, and the
effects of friction loss due to the angle change play a role in the design process. Certain
design criteria and specifications also differ between the two types of design.

This section proceeds by hand similar to the way you would input into the BDS computer
program. Bridge geometry isfound, structure loading is calculated, acable path is introduced,
prestress losses, stresses, and cable force are then calculated, and ultimate moment and
shear are checked. The reader should always hand check some of the calculations produced
by BDS, and use the plotting options to graphically check results.

3.4.2 Cross-Sectional Geometry

The designer usually has limited information when the design process begins. For purposes
of this example problem, the following information is given:

* Continuous 2-span cast-in-place box girder superstructure.
* Span lengths of 162 and 150 feet.

* EOD to EOD width of 37" - 6"

* Column longitudinal moment of inertia given a 92 ft*

The elevation view of this frame is shown in Figure 3-8. Given this preliminary information,
it is the designer’s job to develop the typical and longitudinal sections.
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Elevation View

¢ Bear. ¢ Bear
| 162 = Jio 150 o)
| I
& Y &
L= 28
| = 96 ft¢
T
Figure 3-7

3.4.2.1 Structure Depth

The depth of a superstructure is a function of the span length. The depth-to-span ratio
equates the depth of the superstructure to the length of the span. The AASHTO
recommended depth-to-span ratio for CIP post-tensioned box girders is 0.045 for single
span superstructures and 0.040 for continuous spans. The suggested structure depth of
the example problem is: ‘

Di=7*L Where:D = Structure depth (ft)

| r = Depth-to-span ratio
D = 0.04 * 162ft = 6.48ft L = Span Length (ft)
UseD=¢6"-6"

When span lengths are of similar length on the same structure, is usually a good idea to
use the same depth for the entire structure.
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3.4.2.2 Girder Spacing

The spacing of girders isa function of the depth of the structure. For a CIP post-tensioned
box structure, it is suggested that the girders be spaced not more than 2 times the
structure depth. The suggested maximum girder spacing for the example problem is:

S<2*D Where: S = girder spacing (C/L to C/L)
' D = Structure Depth (ft)
S< 2 * 6.5ft = 13 ft. Maximum

Using an overhang width of4'- 0", the C/L to C/L distance between the exterior girders
is:

37.5ft -2 (4.0 ft)- 2 (0.5 ft) = 28.5 ft.
Trying 3 girders, 2bays, we need 28.5 ft /2bays = 14.25 ft, girder spacing, whichis greater

than the suggested maximum value. If we try 4 girders, 3 bays, we have a girder spacing
of 28.5 ft/3 bays = 9.50 ft, which is within the suggested range.

3.4.2.3 Typical Section

The width of the overhang is 4'-0" from the face of the exterior girder to the EOD. The
thickness of this overhang shall be 7 in. at the EOD, flaring to 12 in. at the face of the
exterior girder. All girders shall be 1'-0" wide, with the exterior girders flaring to 18in at
the anchorages. The length of this girder flare shall be 16ft, and the structural effects of
the 6in. increase in web width will be neglected in future analysis.

The deck and soffit thickness is a function of the clear distance between two adjacent

~ girders. The clear distance for the example problem is 9'-6" - (2'-6") = 8'-6". The Bridge

Page 3-38

Design Details manual contains a table showing the design thickness of the deck and
soffit as a function of clear spacing between girders. These thicknesses are a product of
the AASHTO specifications. It should be noted that much of the steel contained in the
superstructure is also designed as a function of girder spacing, and is shown in the table
mentioned above. The deck and soffit thickness corresponding to a clear distance of 8' - 5"
are 8.125 in. and 6.375 in. respectively. Four-inch fillets are to be located between
perpendicular surfaces except for those located adjoining the soffit. Figure 3-8 shows
the typical section based on the above design procedure.
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Typical Section

Type 25 Concrete Barrier

| I 81/e" (- 3" Future A.C. Overlay
i | TS TSI TS s i s e s s, s :'—’:’J
.T " 4" Fillets :
6'-6 . "/ | (yp) 6%/g" at Midspan |
=0 — <— 1'-0" Typ 1'-0" at Bent

4-6" | 3 @9-6"=28-6" D | AE
- 37'-6" o
Figure 3-8
3.4.3 Loads

Afterthe development of the elevation view and typical section, there isenoughinformation
to analyze the frame under the effects of gravity loads. There are several ways to accomplish
this, but the most commonly used method currently used at Caltrans is the use of the BDS
frame analysis program. Sectionand member properties for the example problem have been
input into this program based on the elevation view and typical section, and the output is
included in the following several pages. The BDS program is well suited to analyze both
gravity loads and the effects of prestressing. However, it is important to know how to dothe
prestressing analysis by hand for two reasons. First, hand analysis leads to a thorough
understanding of prestressing mechanics, and second, hand analysis is a great method for
checking computer results. :

3.4.3.1 Dead Load

The term “dead load” refers to the weight of the box girder, which includes the deck,
girders and soffit. BDS computer output relating to dead load is referred to as “Trial 0”.
The superstructure weight used to develop the section properties‘is 150 Ibs./ ft.3 Page
3 of the BDS output contains the relevant section properties associated with dead load,
and they are summarized as follows:
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Location
Property Midspan Face of Bent
Area (ft ?) 63.48 75.42
Y, (ft) 3.70 3.24
14f4) 400.29 487.09

The term y 4, is defined as the distance from the center of gravity to the bottom fiber of
the superstructure. Horizontal member moments, shears, and stresses are tabulated on
Page 9 of the BDS output.

3.4.3.2 Additional Dead Load

Additional dead load refers to dead load that is applied to the initial section. In the example
problem, “ADL” refers to the weight of the future A.C. overlay and the Type 25 barrier rail.
Most new bridges are designed based on a future A.C. overlay weight of 35 Ibs./ft.2 This
value equates to no overlay thickness of 3 inches, using a unit weight of A.C. of 140 Ibs/ft>.
The uniform weight of the future A.C. overlay is calculated as follows:

w (A.C. Overlay) — (DeCk width - Barrier Wldth) *35 le/ftz
= [37.5' -2 (1.75ft)] * 35 Ibs. / = 35 Ibs./ft?
= 1190 plf

© (A.C. Overlay) =1.19 klf

Type 25 barrier rail has a weight of 0.392 klf. Therefore w g, riery = 0.392 klf *2=0.784 klf.
BDS computer output relating to additional dead load is referred to as "Trial I".
Additional dead load isnotload resistant, and has no structural significance whatsoever.

3.4.3.3 Live Load

Page 3-40

The term “live load” refers to AASHTO design trucks which represent worst case loading
conditions. The two load cases that are used in the design of the box girder are Case 1 and
Case IV, which are the HS520-44 and Permit truck, respectively. The BDS computer program
calculates moments, shears and stresses using a live load generator, which utilizes the
influence line concept. The only information that BDS needs is the number of live load lanes.
The live load lane calculation for the box girder is shown below:

# LL lanes = Deck width / 11 ft.
= 37.5ft / 14 ft.
# LL lanes = 2.68 lanes

The same number of lanes is used for both the H520-44 and permit truck loading cases.
BDS computer output relating to the H520-44 and the permit truck loading cases are
referred to as “LL No. 1”7 and “LL No. 4”, respectively.
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3.4.4 Longitudinal Section

At this point, the items of interest regarding the longitudinal section are the soffit flare and
cable path. The longitudinal section is included as Figure 3-9.

Longitudinal Section

Bent 2

Abut.1 Abut.3

Parabolic path between
points shown

- I /
/4 C.Ci Section ) ) /*I
a f

¢ Vb = 3.24'
v | v
Ut 1-0"
64.8 - 81" siteade g, 75" 60’
0.40L = 0.50L 10010100 0.50L i LT V7T M
Figure 3-9

3.4.4.1 Soffit Fiare

The soffit is typically flared to 1'-0" thick at the face of a bent cap ina CIP post-tensioned box
office structure, the main reason for this flare is to lower the center of gravity of the
superstructure, and thus, increase the eccentricity between the CG of the P/S steel and the
C.G. of the superstructure. Usually, high tensile stresses are present at the top fibers of the
superstructure near the bent cap. An increase in eccentricity in this area allows for more
tensilestressestobe "unloaded” by the primary moment due to prestressing, whichissimply:

M, =P;xe Where: M, = Primary moment due to prestressing
P, =Totaljacking force
e = Cable path eccentricity

Figure 3-9 shows graphically the effects of soffit flare. In the example problem, the flare
lengths are assumed to begin at the 0.9L point of Span 1, and the 0.1L point of Span 2.
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3.4.4.2 Cable Path

Page 3-42

Generally, the maximum eccentricities (vertical distance between the C.G. of the
superstructure and the C.G. of the P/S steel) should occur at the points of maximum
gravity moment. These points are usually at the bent cap, and for our example, close to
the 0.4L and 0.6L points of Spans 1 and 2, respectively. The maximum eccentricity that
is physically possible depends on the amount of prestressing steel required and the
geometric limitations created by the transverse steel in the deck and soffit. There must
be enough clearance to accommodate a wide range of currently used prestressing
systems.

The first step in determining the cable path is to get a good preliminary estimate of the
P.. In order to estimate P, it is necessary to estimate the pounds of prestressing steel per
square foot of deck area.

Using the chart shown in BDA 11-61 for 2- Span Box Girder Steel in Lbs. per deck area,
withad/sratio of 0.4 and an average span length of 156 feet, the chart reads an estimate
of 4.2 pounds of P/S steel per sq. ft. In order to estimate the total pounds of P/S steel
needed for the entire structure, we simply multiply the square foot estimate x deck area
as shown below:

#P /S steel = 4.1 Ib/t2 x (37.5ft x 312ft) - 47,970 Ibs

BDA 11-11 contains anequation that is used to estimate P; or #P /S steel, given one or the
other. The equation is as follows:

P
_ j
#P /S steel --—-———-——(0_75)(270) x Length x 3.4

(0.75)(270)(#P / S Steel)
(Length)(3.4)

Where: 0.75 % of Ultimate

Rearranging: P; =

270 =Ultimate Strength of P/S steel
Length = Bridge length

(0.75)(270)(47.970)
(312)(3.4)

9380 Kips/4 girders = 2290 kips/girder
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Now that we have a preliminary estimate of Pj, we can find the minimum distance
between extreme tensile fibers in the superstructure and the C.G. of the P/S steel.
Referring to MTD 11-28, this distance = “k” + “D”, “k” values have been assumed and
are shownin MTD 11-28. Theminimum distances between the extreme tensile fibersand
the C.G. of the P/S steel are as calculated:

Atmidspan: Min. Dist. = “K” + D " = 4 g in. + 7% in, = 12.375 in.

- Use 12 1n.
- . Vs v/l HT 5. 1 : 1 .
At Bent: Min. Dist. = “K” + “D =6-§m.+75m.=14-8-m.
Use 15 in.

Figure 3-9 shows the above results for the vertical dimension of the cable path atthe 0.4Land
centerline Bent 2 locations. The final step in defining the cable path is to find the vertical
position of the two inflection points, located at the 0. 9L and 0.1L points of Spans 1 and 2
respectively. By definition the position of “a” in Figure 3-9 is located where the straight line
between the two adjacent intersects the horizontal location of the point of inflection.

By similar triangles,
a’ _ 4.25 ft i 354
81ft 97.2ft
b AR v 354
75 ft 90 ft I
3.4.5 Losses

The force applied to the prestressing strands, as a function of A’ is: P; = (0.75)(270 ksi)(A’;)
is: P]- = (0.75)(270 ksi)(A’,). However, because losses of force in the strands occurs, the actual
amount of force in the P/S path willbe somewhat less than the jacking force. The three types
of losses addressed in the design of the CIP post-tensioned box girder bridge are as follows:

1. Frictional losses.
2. Anchor set losses
3. Long term losses

Because we first have to calculate losses before we can solve for P, all losses are found as
fractions of this jacking force.
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3.4.5.1 Frictional Losses

Due to the frictional forces that develop from the curvature of the prestress tendonand
the deviation of the tendon within the semirigid duct. (Frictionand wobble coefficients).

Angle changes

2e

where e is the vertical distance of the parabola between control
~ L |points and L is the horizontal distance between control points

1.25
® ® @ 97 ® ®
: 1 /@ :
/"C.G. Concrete 1 1 i
T - . B . T B 6.50"
! 3.54 1
Yo = 3.70 : ¢ E l
=
64.8' 81.0' | 16-21115.01 75.0' . 60.0"
0.4L b 0.5L oAl ToaL!l 0.5L 4 0.4L g
By similar triangles:
a :i(ﬁt_ (6.5-2.25) =3.542 ft
81.0ft +16.2ft
S . O
75.0ft +15.0ft
2. Friction loss coefficients
2(2:
a:% 5> PT Boo=2279_(0s33RAD
PT Coo= 2(3'54) = 0.0874 RAD
81.0
T
PT D— o= 22[:; 21} = 0.0874 RAD
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PT E—- o= 2(10'701) = (0.0944 RAD
PT F-ooa= 2(3.54) =(0.0944 RAD
2(2.70)

PT G- a=——*=0.0900RAD
60.0

(RAD) (RAD) |
Segment o cum c. — 1L e~ ¢
AB 0.0833 0.0833 -0.0167 0.983
BC 0.0874 0.1707 ~0.0341 0.966
CD 0.0874 0.2581 -0.0516 0.950
DE 0.0944 0.3525 —0.0705 0.932
EF 0.0944 0.4469 —0.0894 0.914
FG 0.0900 0.5369 -0.1074 0.898
F.C.i. = e~ ®a+KL) where: p=02
KL=0

Spec. 9.16.1 gives the equation for calculation of friction losses as:
TO — Txe (KL + por)

The K value indicates friction wobble per foot of prestressing steel and is given a value
of 0 for the galvanized rigid duct most widely used in cast-in-place post-tensioned
bridges. '

This value T, is also called the initial force coefficient F.C.i which illustrate losses that
occur immediately during the stressing operation before the strand is set and anchor set
and long term losses occur.

The F.C.i values calculated between segments can be linearly interpolated along */10
points and are given in Table 3-6.
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3.4.5.2 Anchor Set Losses
The recommended method of detailing requires jacking the tendons to 0.75f ', ., and

: b 3 ..
anchoring at a stress resulting from a minimum anchor set of 3 in. (stress after anchor
set not to exceed 0.70 7).

The effect of anchor set on the cable stress is approximately as follows:

(. f jack

A

Af

Y

f anchor/

Figure 3-10
Af = change in stress due to anchor set (ksi)
x = length influenced by anchor set (ft)
d = friction loss in length L (ksi)
L =length to a point where loss is known (ft)
AL = anchor set (in)
E =Modulus of Elasticity (ksi)
Assume E = 27 x 10° ksi

average unit stress = E X (unit strain)

& )
2 12x

Af = E[é&)
6x
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by similar triangles:

X =_}__,
Af/2 d

or

E(AL)L
6(x)2(d)

rewriting

_ E(AL)L
©12d

2

F.C.=0.968 135

Af

MZ‘ FCi.= @ = (1 -0.966)(202.5) = 6.89 ksi

. AL = Anchor Set = 3/8"
= L=1458 E =27500ksi MTD

—134.85 <145.8 \ O.K. Length influenced by
12(6. 89) anchor set is less than PT. to which a loss is
known. Similar triangle assumption valid.

\/E(AL)L _[27,500(0.375)(145.8)
12d

Aaf = 29dx _ 2(1-0.966)(134.85) _ 0.063
L 145.8
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3.4.5.3 Long Term Losses
Assume a low Relaxation Strand is used, Spec. Article 9.16.2.2 allows 20 ksi or 0.0988 P..

3.4.6 Force Coefficients

Final force coefficients (F.C.f) can be found algebraically by subtracting the anchor set and
long term losses as shown in Table 3-6 from the initial force coefficients due to frictional
losses. The last column show the ratio of initial to final forces.

Location eho FCi ASET FC.PJ |F.C.i/F.CH
0.00L1 1.000 1.000 0.937 0.838 1.193
0.1L1 0.996 0.941 0.842 1.183
0.2L1 0.992 0.945 0.846 1473
0.3L1 0.987 0.949 0.850 1.161
0.4L1 0.983 0.983 0.952 0.853 1.152
0.5L1 0.980 0.956 0.857 1.144
0.6L1 0.976 0.960 0.861 1.134
0.7L1 0.973 0.964 0.865 1.125
0.8L1 0.969 ' 0.967 0.868 1.116
0.9L1 0.966 0.966 0.966 0.867 1.114
1.0 0.950 0.851 1.116
0.0L2 0.950 0.950 0.851 1.116
0.1L2 0.932 0.932 0.833 1.119
0.2L2 0.928 0.829 1.119
0.3L2 0.935 0.826 1.120
0.4L2 0.921 0.822 1.120
05L2 0918 0.818 1.121
0.6L2 0914 0.914 0.815 1.121
0.7L2 0.910 0.811 1.122
0.8L2 0.906 0.807 1.123
0oL2 0.902 0.803 1.123
1.0L2 0.898 0.898 0.799 1.124

Table 3-6
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3.4.7 Secondary Moments

In addition to the “Pe” (primary) moments, secondary moments (M1) are introduced
because of resistance to beam distortions as the prestressing isapplied. The conjugate beam
method is a general method for finding the magnitude of the secondary moments. This
method involves the following procedures: :

1)
2)
3)
)

5)

Each span is considered to be a simple span so that the ends can rotate freely. The
applied moments are equal to a relative value of “Pe”.

The angle of rotation at the ends of these simple spans caused by the “Pe” loads is
found using the conjugate beam method.

Moments are applied at the ends of the beam which will rotate the angle of rotation
back to zero. These are the fixed end secondary moments due to prestressing.

The final secondary moments over the supports are found by distributing these fixed
end moments.

The total moment in the member due to prestressing in terms of Pj is the algebraicsum
of the “Pe” value and the secondary moment. We call this the Moment Coefficient.
This moment coefficient divided by the relative P can be thought of as an effective
eccentricity, e’. Aline through these e’ ordinates s called the thrustline, pressure line
or c- line in some textbooks.

The dead and live load moments were computed neglecting the flare in the bottom slab. The
secondary moment will be computed in the same manner. No appreciable error is intro-
duced with this procedure since the increased “e” and increased “1” tend to.compensate for
each other. This is more accurate than measuring “e” from the neutral axis of the flared
section with a minimum “I”. The relative values of M/I at the bent are shown below:
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Actual Ordinate
Pe
efare _ 0.75(2.00) _ 55357
Lgare 458.75
Neglecting Flare
Pe; 5
i€min _ 0.75(1.75) — 0.00354
ln 37079
Using egare And I,
P.egye 0.75(2.
jefare _ 0.75(2.00) _, 155405

370.79

Imin
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The flare properties will, of course, be used to find stresses.

By the conjugate beam method, the rotation that would occur at the bent due to the “Pe”
moments (if the beam was free to rotate) is equal to the reaction of the conjugate beam at that
point. Take moments about point £ M, = 0.

A D
RD
Actual Beam Conjugate Beam
ETMp=0
I Mpeg=RpxL
Figure 3-12
Section 3 — Prestressed Concrefe Page 3-51
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Secondary Moments

Span 1
No. Section Area (PUEI) APM Moment (PL2/EI)
1 1 (0)(0.1) 0 0.050 0
2 (0.5)(—0.994)(0.1) —0.0497 0.067 —0.00333
2 3 (- 0.994)(0.1) —0.0994 0.150 -0.01491
4 (0.5)(— 0.723)(0.1) —0.0362 0.167 —0.00604
3 5 (-1.717)(0.1) o« =037 0.250 -0.04293
6 (0.5)(—0.434)(0.1) —0.0217 0.267 - 0.00579
4 7 (-2.151)(0.1) ~0.2151 0.350 -0.07529
8 (0.5)(— 0.152)(0.1) -0.0076 0.367 -0.00279
5 9 (-2.194)(0.1) -0.2174 0.450 -0.09873
10 (0.5)(- 0.109)(0.1) —0.0055 0.433 ~0.00236
6 1 (- 1.834)(0.1) —0.1834 0.550 ~0.10087
) (0.5)(— 0.360)(0.1) -0.0180 0.533 —0.00959
7 13 (—1.237)(0.1) -0.1237 0.650 —0.08041
14 (0.5)(- 0.597)(0.1) —0.0299 0.633 —0.01890
8 15 (- 0.373)(0.1) -0.0373 0.750 - 0.02798
16 {0.5)(—0.864)(0.1) —0.0432 0.733 —-0.03167
9 17 (0.5)(— 0.373)(0.034) —0.0063 0.811 —0.00514
18 (0.5)(0.728)(0.066) 0.0240 0.878 0.02109
10| 19 (0.728)(0.1) 0.0728 0.950 0.06916
20 (0.5)(0.983)(0.1) 0.04915 0.967 0.04753
-1.1200 —0.38895
1.711
0.728 20
+
© 4l 19
® 17\ f1g] + ©
2+ 3 13 15+ P
+ 5 11 16+/)| 0.34
+ z 9 + *
AT + 5 -0.373
14+
394 5F . -1.237
-1.717 e
8+ 10+ -1.834
-2.151 J -2.194
-2.303
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Span 2
No. Section Area (PjL/E]) APM Moment (PjL2/EI)
1 1 (0)(0.1) 0 0.050 0
2 (0.5)(— 0.945)(0.1) T -0.0474 0.067 —0.00318
2 3 (- 0.948)(0.1) -0.0945 0.150 ~0.01422
4 (0.5)(— 0.690)(0.1) ~0.0345 0.167 ~0.00576
3 5 (—1.638)(0.1) ~0.1638 0.250 ~0.04095
6 (0.5)(— 0.414)(0.1) —-0.02007 0.267 —0.00553
4 7 (—2.052)(0.1) ~0.2052 0.350 -0.07182
8 (0.5)(— 0.149)(0.1) ~0.0075 0.367 -0.00273
5 9 (- 2.097)(0.1) -0.2097 0.450 -0.09437
10 (0.5)(—0.104)(0.1) ~0.0052 0.433 -0.00225
6 11 (- 1.751)(0.1) -0.1751 0.550 ~0.09631
12 (0.5)(— 0.346)(0.1) -0.0173 0.533 -0.00922
7 13 (- 1.181)(0.1) -0.118 0.650 -0.07677
14 (0.5)(— 0.570)(0.1) -0.0285 0.633 -0.01804
8 15 (—0.356)(0.1) -0.0356 0.750 ~0.02670
16 (0.5)(—0.825)(0.1) -0.0413 0.733 -0.03027
9 17 (0.5)(— 0.356)(0.034) -0.0061 0.811 —0.00491
18 (0.5)(0.700)(0.066) 0.0231 0.878 0.02028
10 19 (0.700)(0.1) 0.0700 0.950 0.06650
20 (0.5)(1.011)(0.1) 0.0506 0.9 0.04888
-1.0650 -0.36737
1.71
20\ 0.700
5
@ 18+ |9 \ /0'34 @
18°N17] 15+ 2
NEE 2 | i - I B A
Rt g + i & -
-1.181 & -0.948
12+
1751 -1.638
-2.097 “10+|8+° -.2.052
-2.201
Section 3 — Prestressed Concrete
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]2 .
Conjugate reaction at D = rotation =-0.38845 —’FI—+ L = -0.38895 ﬁ
Ms
Re ML
D=3El
® ©
e L 5
M.L PL
5~ (0.38895 —— =0
3EI El
M,
s =0.38895P, M, = 3(0.38895) P,
M,=11669P, — M, ,,=1.1669
Check: 1714
M .
My =—(M ): Approximate
El P A A \
-2.303
( % 0.2667L % 0. 2667L) 0.834 "
M 0.4L
(2303 0 28931 0. 5447L]+ El \/
{1.;1 x0.083Lx0.9447LJ+
-2.803
12 12 12 PL
= -0.1638 — —0.3629 — + 0.1342 — =0.3925 ——
El g T 01342 g El
Ms i
=5 -03892P, M,=3(0.3925)P;
M, =11775P; — M, ,,=11775
11775-1.1669 _ 199, - OK

% error = 1.1775-

1.1669

Section 3 — Prestressed Concrete
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Secondary Moments Span 2

. _ BL PL
Conjugate reaction at D = Rotation = —0.36737 o 0.36737 —

2

El

M M. L
ﬁ @ Rprl = —|§ x 5 X %
® ® =
< L2 }}t
P.L
e 036737 —-— =0
3EI El

%-5— =036737P —

M= 110211 —

Check:
M
(“‘2;01 «0.2667L x0.2667L]
(

2.2

7 % (0.083L x0.9447L)+

\
[1.711
+

]2 L:

2 2 L2
= 0.1566 — —0.3468 — + 0.1342 — =0.3692 —
El EI El

31_;_: 0.3659 P. —
3 ]

M,=11076P, —

o, error = 1.1076 - 1.10211/ =0.5%

Section 3 — Prestressed Concrete

o= Elm ><0.2593L><O.544'7L)+

Ms = 3 (0.36737) P,

MSC«D =1.10211 P]

M, =3(0.3692) P,

1.753

+ \0.834

M 0.4L

El
+

-2.201
L2
EI

M, = 1.1076 P;

- OK
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Distributed End Moments

Summary of fixed end moments (conjugate beam):

1'177\ / 1.108

L =162t L =150ft
E = 3600 Kksi E = 3600 ksi
| =400.3 ft4 Foq Fo | =400.3 ft4
R=28896 K = 26688 K = 28821 R = 9807
D=0.272 D=0.293
A B C
9 Y
F=1 A
F=0 K=42716 F=0
K = 35584 L=28ft D=0.435 K = 38428
E = 3250 ksi
| =921t
R= 10679 TK = 26688 + 28821 + 42716 = 98225
26688 F=1
Dga = 98275 0.2%2 b K=42716
7777
28821
= =0.293
BC™ 98225
42716
= ———=0.435
BD ™ 98225
B
0.272]0.293
A C
1.1775 | -1.1076
-0.0190 | -0.0205
1.158 1 1.128
Figure 3-13
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Eccentricities at each 10th Point:
(Vs 1-22))
e(x) = kYmax 1‘? ) +C

parabola AB — eq =0

2
eg1=— 270 [1-0'3 ]+oz— 1.18 ft

0.42
0.22
e0_2=_2A70 1*042 +0=“‘2.03ft
2
€a3z=— 2.70 [1—8—12“] +0=- 253 ft
80'4 = - 2.70

—_ 2
parabola BC — [1—%} +05=-354+0=-256 ft

0.22

eos=— 354 (1-5 oz | +084=— 213 f
0.32

€p7 = — 3.54 1_ﬁ +084=— 1431t
0.42

eO'g= - 3.54 ] —6"'5"2_ + 0.84 = - 0.43 ﬁ

eO'g = 0-84 ft

e10=0.84+0.71 + 0.46 =2.01 ft

*By symmetry eccentricities in Span 2 are a mirror image those in Span 1.
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Determine Moment Coefficient (M.C.)

Page 3-58

Section 3 — Prestressed Concrete

F.C.; (0.099)
20/202.5 F.C.,
Location e F.Ci Aset L.T. Loss M, M, M.C. F.C.
0.0L 0 1.000 0.937 0.838 0 0 0 1.19
0.1L -1.18 | 0.996 0.941 0.842 -0.994 | 0.116 | —0.878 1.18
0.2L -2.03| 0.992 0.945 0.846 -1.717 | 0232 | —1.485 147
0.3L -253| 0.987 0.949 0.850 —-2.151 | 0347 | -1.804 1.16
0.4L -2.70| 0.983 0.952 0.853 —-2.303 | 0.463 | —1.840 1.15
0.5L —256 | 0.980 0.956 0.857 -2.194 | 0579 | -1.615 1.14
0.6L -2.13| 0.976 0.960 0.861 -1.834 | 0695 | —1.139 p 01
0.7L -1.43| 0.973 0.964 0.865 -1.237 | 0811 | —0.426 e .
0.8L ~0.43 | 0.969 0.967 0.868 ~0.373 | 0.926 0.553 1.11
0.9L 0.84 | 0.966 0.966 0.867 0.728 | 1.042 1.770 y 5|
1.0L 2.01 | 0.950 - 0.851 1.711 | 1.159 2.870 1292
0.0L 201 | 0950 - 0.851 1711 | 1.128 2.839 1.12
0.1L 054 | 0.932 - 0.833 0.700 | 1.015 1.715 1.12
0.2L -0.43| 0.928 - 0.829 -0.356 | 0.902 0.546 1.12
0.3L -143| 0.925 - 0.826 —-1.181 | 0.790 | —0.391 {5
0.4L -213 0.921 - 0.822 —1.751 0.677 —1.074 1.42
0.5L -256| 0.913 —~ 0.819 -2.097 | 0564 | —1.533 112
0.66 -2.70 | 0.914 - 0.815 -2201 | 0451 | —1.750 1.12
0.7L -253| 0.910 - 0.811 -2052 | 0338 | —1.714 1.12
0.8L ~2.03| 0.906 - 0.807 -1.638 | 0226 | —1.378 o s 1
0.9L -1.18 | 0.902 - 0.803 —0948 | 0113 | -0.835 1.12
1.0L 0 0.895 ~ 0.799 0 0 0 1.12
Table 3-7
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Moment
Coefficient
v
# i
I
1 ] 1 1 ] 1 ] 1
| T T I T 1 1 7 i
/
= A 7
NG o \
[N & - “Pe”
e o - g el
Figure 3-14

3.4.8 Prestress Force

Check for control point at places of maximum eccentricity, 0.4 Span1,0.6 Span2,and at Bent.

B(EC) R(MC)
A I

Equations: DLyy01 = (- M1y 01 *%) +

C
MTO,TI[‘]

1
“HEe L (MC)e

A 1

.C) B(EC) B(MC)
SL Triass 0,1, 1L = (MTria.ls 01LL,#1 T)+ ) = j

CYy -~
MTO,TI,LL#][T] 6417
AP

iT T (E.C) L (M.C)ec
A I
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0.4 Point Span 1:

Where: C =3.70 ft
M, o I = 400.3 ft3
:  _ 5 %) —0 &F
T A = 63.48 ft2
M.C. =1840
Moy, =17931k-ft
(179314 3668) >0 T
‘ 400.3 My, =3668 k- ft
5= 0853 (1.840) 3.70 it
63.48 400.3 i
o - 144
| 634000 =379 psi (s}
Fj= 6558 kips = 54.6 ksf

(C
Mo1,LLe1 L_I']‘ N

( C), (MC)C

SLtral 01, L #1— Pj EPj =

(17931+3668+6348)%0—-54 6

0.853 _(1.840) 3.70
63.48  400.3

P:= 6692 kips

1.0 Point Span 1: Face of Bent:

(28443+6004)ﬂ
DL 1ra1 01 - P =

)7 70.851 (2870) 3.26
7542 487.1

P, = 7561 kips

Page 3-60 Section 3 — Prestressed Concrete
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(28443 + 6004 +7842) ~22 _54.6
SL Tria0,1,LLe1 = B = 487.1
* 0.851 _(2.870) 3.26
75.42 487.1
P, = 7491 kips

Where: C =6.5ft - 3.24 ft = 3.26 ft

1 = 487.1 ft*

E:C =(.851

A =75.42 ft?

M.C. =2.870

M1y, =6004 k-ft :Moments taken from BDS Output Section 3.4.13
MTria.I#1 =7842 k- ft

6~/4000 =379 psi []l%]
= 54.6 ksf

0.6 Point Span 2:

(13937 + 2942) 270
400.3

DL 1ha01 2 B=7 815 (1.750) (3.70)
63.48 400.3

P, = 5377 kips
(13937+2942+5721)%§%—54.6
SL o = = 0.815  (1.750) (3.70)

63.48 400.3

P, = 5318 kips
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Where: C =3.70 ft
I = 400.3 ft*
§ o G =0.815
A =63.48 ft?
MG =1.750

Muy, =13937 k-ft

634000 =379 psi (1|
= 54.6 ksf

- P;= 7613 pound up to nearest 10 kips = 7570 kips
Controlling condition: DL + ADL, left face of bent.
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3.4.9 Stresses

Top Fiber Stresses

Dead Service Final Initial Total Total
Load Load (1000/14.4) | (1000/14.4) | P/S P/S Initial Final
Location | Stress Stress | Pj(F.C)/A | P (M.C.)%/, | Stress Stress | Stress Stress

0.0L 0] 0 694 0 694 828 828 694
95 400 600 697 — 304 393 465 865 1015
0.2L 678 1051 701 —546 155 182 860 1206
0.3L 835 1291 704 — 663 41 48 883 1332
0.4L 871 1347 707 - 667 30 35 906 1377
0.5L 785 1228 710 -594 116 133 918 1344
0.6L 578 934 713 -419 294 333 911 1228
0.7L 250 471 716 -157 559 629 879 1030
0.8L —200 - 356 718 203 922 1029 828 566
0.9L -771 -1166 718 651 1369 1525 754 203
1.0L -1324 - 1968 593 1010 1603 1790 466 —365
0.0L —1294 -1901 593 1005 1598 1783 489 —-303
0.1L -818 |-1208 690 631 1321 1479 661 112
0.2L -31 —492 687 201 ‘| 888 994 683 396
0.3L 92 280 684 —144 540 605 697 820
0.4L 391 701 681 -395 286 320 711 987
0.5L 586 975 678 - 564 114 125 714 1089
0.6L 677 1098 675 - 643 32 36 713 1130
0.7L 664 1067 672 —630 42 47 711 1109
0.86 546 877 668 -507 161 181 727 1038
0.9L 325 523 665 - 307 358 402 727 881
1.0L 0 0 662 0 662 744 744 662

Stress values reported in Psi

P.= 7570

A =63.48 FY2(Mid) 1=4003 Ft* Mid) C=6.50"-3.70"= 2.80 Ft (Mid)
A =7542 FY? (Bent) 1=487.1Ft!Bent) C=6.50"-3.24"= 3.26 Ft (Bent)

Table 3-8
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STRESSES (PSI) FOR TOP FIBER

LORDING CASE 1 p8 By
DL + ADL T Y
DL+ ADL + PLL 4 °
DL + ADL + NLL we

& Wby

]
< o I g, B
o L= -—
ry o -t
2 H 2 & g
b=
L ! 3 1 ]
] ) ¥ I
~
=
=
o
@
-
=
far]
1 ] ! 1 ! 1 1 1 =
1 1 i 1 1 ia i H £l
=] c = -3 o o e o =
S 1 =1 & S 3] 5 &
b= & e o a a in ]
~ = - = = n.

Figure 3-15
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Bottom Fiber Stresses

Dead Service Final Initial Total Total
Load Load (1000/14.4) | (1000/14.4) | P/S P/S Initial Final
Location | Stiress Stress Pj(F.C)/A | P (M.C.)%/, | Stress Stress | Stress Stress

0.0L 0 0 694 0 694 828 828 694
0.1L ~528 —-822 697 402 1099 1300 772 277
0.26 — 897 - 1389 701 722 1423 1669 772 34
0.3L -1104 - 1706 704 877 1581 1836 732 - 105
0.4L —-1151 —-1781 707 894 1601 1844 693 —180
o5L |-1038 -1623 710 795 1495 1710 672 —-128
0.6L — 764 —1235 713 553 1266 1436 672 31
0.7L ~330 -623 716 207 923 1038 708 300
0.8L 265 471 719 - 269 450 502 767 921
0.9L 1020 1541 718 - 860 -142 — 158 862 1349
1.0L 1312 1951 593 — 1395 - 802 — 895 417 1149
0.0L 1283 1835 593 -1379 -786 - 877 406 1099
0.1L 1091 5 690 —-833 -143 160 921 1455
0.26 411 351 687 — 265 422 -472 383 1073
0.36 -122 —370 684 190 374 972 350 504
0.4L -51 - 927 681 522 1203 1342 830 276
0.56 -~ 5 —1237 678 745 1423 11595 820 134
0.66 - 875 — 1451 675 850 1525 1710 815 74
0.7L -877 - 1411 672 833 1505 1689 812 114
0.8L -723 -1160 668 670 1338 1503 780 178
0.9L —430 - 692 665 406 1071 1203 773 379
1.0L 0] 0 662 0 662 744 744 662

Stress values reported in Psi

Pj = 7570

A = 6348 FY2(Mid) 1=4003 Ft* (Mid) C=3.70 Ft (Mid)
A = 7542 FY? (Bent) 1=457.1Ft!Bent) C=3.24 Ft(Bent)

Table 3-9
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STRESSES (PEI)

FOR BOTTOM FIBER

500,

LOADING CASE 1 Pps B
PSI/IN 2 DL + ADL 4
RE 3 DL 4 ADL ¢ PLL g
of= 4 DL+ ADL & NLL e oy
e 1~
= o e o )
=3 o L= [=] (=] b=
=1 & 2 s 7 2
] = A 2 a 2
} i 1 L } }
U I 1 I 1 I
o
= e
ki
——
e -
4 ~
e ]
1 L 1 I 1 1 i 1
T T T T T T T T
e o o o e e o o =
[=3 =] o (=] < (=1 o L=
(=] i L= Wi wr o e (=]
& 2 = 2 - &

Figure 3-16
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3.4.10 Concrete Strength Required

L £ —  (choose 3500 psi unless calcs show greater strength required:
I P/ F2IPS_ 050 1si < 4000
0.55 0.55
- £ = 3500 psi

2. f'.— choose 4000 psi unless calcs show greater strength required:

_ fp +ADL+LL#1+{P/g 1455 psi

i e = 3638 psi < 4000

- f'. = 4000 psi

3.4.11 Uitimate Moment

Prestressed members are designed at serviceload level. Atultimate conditions, the member
is subject to loads in excess of the Design Loads. Therefore, the ultimate flexural strength
of the member must be checked at critical sections. These critical sections include points of
maximum positive and negative moment and changes in cross-sections.

If the ultimate applied moment is less then the capacity of the section, no additional mild
reinforcement is needed. If, however, the ultimate applied moment is greater then the
capacity of the section, additional mild reinforcement may be added.

For example:
If M, € $M,, then, no additional mild reinforcement is needed

If M, > 6M,, then, additional mild reinforcement is needed.

3.4.11.1 Ultimate Applied Moment, M,
A.STEP 1:

The ultimate applied moment at any section can be calculated by the greater of the
two equations.

Mu = 1‘3(Md + 1-67MLL#1)+M5
or
M, = 1.3(M, + M 149) + M

Take note, the member is at the level of incipient failure, therefore, the beam is fully
loaded, where,

M, = maximum dead load moment due to Trail ) + Trial 1
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M 14 = maximum live load moment due to LL#1 (HS520)
MLL#1 = maximum live load moment due to LL#4 (P13)

MS = secondary moment where MX = (MCs)P]

3.4.11.2 Capacity, oM, (without mild reinforcement)
A, STEP 2

First calculate the capacity of the section with no additional mild reinforcement to
determine if mild reinforcement is needed if M,>¢M,, then calculate the area of mild

reinforcement required.

Three basic assumptions are made in calculating the capacity of the section:
1. no additional mild reinforcement at this time
2. section is rectangular section (a < hy)
3. section is under— reinforced (@ < 0.30)

At ultimate conditions, prestressed concrete acts similar to reinforced concrete,
therefore, many of the principles of reinforced concrete are utilized in calculating the
ultimate capacity of the section. The parabolic stress shape may be assumed to be
an equivalent rectangular stress block with an average compressive stress equal to
0.85f', over a compression block depth a.

¢ =(0.85 fc) ba

T= (f'su) A”

Figure 3-17

The compressive force equals the average stress, (0.85f',), times the area on which it
acts, (ba). And, the tensile force equals the stress in the prestressing steel at ultimate
conditions, (f* ), times the area of prestressing steel, (A*). Equilibrium must be
maintained, therefore:

C=T*
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By substitution,
(.85f ) b, = (f*,,) A*, where ff_ = f [1 -0. S—f-—,-lf—"} Spec. 9.17.4.1
oL AT
a= -((?;9—2;76— (Equation 1)

Summing moments about the compressive force yields:

M, = (T*)(z¥), where

a
z* = moment arm [d * ——)
z

d* = distance from outermost compression fiber to the center of gravity of
prestressing steel

By substitution and multiplying both sides of the equation by ¢,

oM, = ¢[(f Ca)A* (d 3 —3]] (Equation 2)

Zz

Substiuting Equation 1 into Equation 2 yields:

RS
¢Mn=¢[(f su)A (d _MH

So now, algebraically manipulate equation to look like equation in specifications.

¢)an¢ (f*su)A*d{l-—O.tSOEfff)“%ﬂ Spec_ 9172
6 M, =6 (f*su)A*d*[l—D.tSD pf-flﬂ (Equation 3)
Note:

1. Check assumptions
a.a< hg b. w <0.30
2. f M, <eM, If M, > oM,

Then, must calculate area of mild reinforcement required
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3.4.11.3 Capacity, ¢M,, (With Mild Reinforcement)
A. STEP 3:

If M, > ¢M,,, add additional mild reinforcement to increase the resisting moment.
Three basic assumptions are made in calculating the capacity of the section:

1. No additional mild reinforcement at this time

2. Section is rectangular section (a < hy)

3. Section is under- reinforced (w < 0.30)

The mild reinforcement produces anadditional tensile force equal to the stress in the
steel, f, = fy, times the area of steel, A..

reinforcement

Figure 3-18

Again, equilibrium must be maintained, therefore:

C=T*+T
By substitution,
(0.85f . )ba=(f*,) A*+ (fy) A, where f*, ={', [] =058 ;fs]
(E*w)A -+, )A,
(.85 f,)b

summing moments about the compressive force yields:

M, = (T*)(z*) + (T)(2), where:

a
z¥ = moment arm [d * ——*)
z

d* =distance from outermost compression fiber to the center of gravity of
prestressing steel
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a
z = moment arm (d —-]
A

d = distance from outermost compression fiber to the center of gravity of
mild reinforcement

By substitution and multiplying both sides of the equation by 9,

f},)As(d-gﬂ

¢Mn=¢[(f *m)A*(d*3]+(

z

Now, set M,, = ¢M,,

¢Mn=¢[(f o)A (d *3] + (fy)As[d -iﬂ (Equation 5)

z Z

Having two equations and two unknowns, the area of mild reinforcement can be
determined by first substituting Equation 4 into Equation 5. Then, solve the
quadratic equation for A,.

Note:
1. Check assumptions
a.as<hy

b. ®<0.30

3.4.11.4 0.4 Point
This procedure will be demonstrated on the 0.4L, point.

STEP 1: Calculate M,
M, = 1.3(Mg, 1.67M 1) + Ms
=1.3[17,931 + 3,668 + (1.67)(6,147)] + (0.463)(7,570)

M, = 44,929 k-.ft

M, = 1.3(My + M 4) = M,
=1.3[17,931 + 3.668 + 17,414] + (0.463)(7,570)
M, = 54,222 k-ft — CONTROLS
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Page 3-72

STEP 2: Calculate ¢ M, (without mild reinforcement)

Equation 1:

a= M, where
(.85 ff:)b

A* =P,/ [0.75f]=7570 / [(0.75)(270)] = 37.38 ir?
p* =A*/[bd*] =37.38 / [(37.5x 12) (5.5 x 12)] = 0.00126

4-{-;

£ =f 11-0.5—=
su S[ f:c }

=270 [1- (0.5)(0.00126)(270/4)] = 258.5 ksi

_ (258.5)(37.38)
~.85(4)(37.5x12)

a =632in<(h;=8.25in)

Equation 3:

¢Mn:q>[(f*m)A*d*(er.GO_p*%ﬂ

=0.95 {(258.5)(37.38)(5.5)[1- (0.60)(0.00126)(%585/4)] }
OM,, = 48.021 k-ft
M, > 0M,, (54,222 > 48,021)
-. Additional mild reinforcement is needed. So now calculate A,
Note:
1. Check assumptions
a. as<h
6.62 in<8.25in (O.K)
b. w=<0.30

= (0.00126)(258.5) / (4)
=0.08<0.30 (O.K)
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STEP 3: Calculate A,
Equation 4:

(o)A *H1, A

(.85 )b
a_ (37.38)(258.5)+60A,

z  2(0.85)(4)(37.5x12)
a_ 9662.17+60A,

2 2244.0
Equation 5: (set M,, = ¢M,,)

M, = o] (£5) A+ (45 2)(5) (02

Multiply both sides of the equation by 2244.0 and divide by ¢,

d =

(54,222)(12)=

(9.50){(258‘5)(3?.38)[66—( 0057 E0hs )]+ 6UA{74.81 = [MH}

2244 2244
(54,222)(12)(2244)/(0.95) = (258.5)(37.38) [(66)(2244)~ 9662.73— 60 A/]
+ 60 A, [(74.81)(2244) — 9662.73 — 60 A/]
Algebraically manipulate equation yielding:
(A2—3,494.09 A, + 66,058.0 = 0
Solve quadratic equation,
A, =19.0 in?
Note:
1. Check assumptions
a. ashf
Substitute A, into equation 4,
7.06 in<8.25 (O.K)

b.w<0.30
w=p* %-&-p%, where p=19 /(37.5x12x74.81)
= (0.00126)(258.5) / (4) + (0.00056)(60) / (4)

=0.09<0.30 (O.K)
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3.4.12 Shear

As in the previous design considerations of this example, only Span 1 will be analyzed.
Again we mention that in actual design where there is an absence of symmetry, these
illustrated procedures should be applied throughout the structure length.

The distortion of the member from prestressing causes a change in the reactions which in
turn will affect the shear values. The various section properties, concrete strength, dead
load moments and shears and other live load moments and shears have been calculated. To
calculate Py, = 7570 for this example.

We will use the method in the Spec. for shear design. Since this method involves lengthy
calculations, we will demonstrate the procedure only on the 0.9L point.

V, equals the greater of the two equations. “P” loads will control for this example.

Vu . ]3 [VD + 1-6? VLL#}] VMS

or

V,=13[VpL+ Vipsad+ Ve (Spec. 3.22.1A)
From BDS output: Abut 1 0.4L 0.9L Bent 2
Dead Load Shears (Trial 0) 585.2K -31.8 -803.1 -971.6
Dead Load Shears (Trial 1) 120.6X 7.3 -167.2 -199.2
Live Load #1 and Impact Shears: 214.7X 92.8- 102.8 -250.0 - 285.1
Live Load #4 Impact shears 594.3k 192.1-188.1 -6954 -780.8
Shears induced by M:

These shears are equal to reactions at supports to resist M..

L=162 ft “{

pas e

AR MC) P, (1.159) (7570K)
A”T l AR=TT " ez ft)
Ag =54.2K

Note: Vys =Ap
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Summary of factored shears, Span1:

Abut1 0.4L 0.9L Bent 2
Virpr =18V 917.5 ~50.0 -508  -12614  -15220
VU,LL+I:‘1‘3VLL+] 7726 249-7 - 2445 - 9040 - 1015.0
V. 54.2K 54.2 54.2 54.2 542
Total V;: 1744k 253k -2111 — 2483k

Note: Skewed bridges require modification of design shears. Consult Memo to Designers
15- 1.

Resisting shears:
Members subject to shear shall be designed such that:
V,<¢ (V+V,) where ¢ = 0.90 (Spec. 9.20.1.3, eq. 9- 26)
Shear resistence of concrete, V.: (Spec. 9.20.2)
The shear resistence of concrete, V., is taken as the lesser of the values

V,and V, but not less then V

imin=17 (vFo)b" d

(Spec. 9.20.2.1& 9.20.2.2)

cijmin/
where V

@ 0.9L:

V4 = Due to unfactored self weight shear (trial 0)

=803.1%
Vii: (Spec.9.20.2.1)
’ i L] MCI’
Vi =0.6+f.b'd+Vd+Vi & (Spec. 9.20.2.2, eq. 9- 27)
Max
V; 217:F. ' d

b’ =widthofweb=4x1ft=4ft
d = effective depth to prestressing steel or 0.8H, whichever is greater

V; = associated factored shear to M,

=1.3 (167.2 + 537.6) = 916.2K
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M ax =maximum factored moment due to externally applied loads.

=1.3(3403 + 8832) = 15,905 k-ft

I 7
M, = (Tt}(éﬁ il fd) (Br. Des. Spec. 9.20.2.2, eq. 9-28)

I =4003
Y, = distance from NA to extreme tension fiber. = 6.50'— 3.70'- 2.80 ft

foe =compressive stress in concrete due to effective prestresses at extreme fiber
where tensile stresses are produced by externally applied loads

= 1369 psi

f; = stress due tounfactored self wt. at extreme fiber where tensile stresses are
produced by externally applied loads.

=771 Psi-

M, =5-‘39:§[6\/4000(1—44LJ +1369 - 771}(&41-)

2.80 1000 1000
= 20,123 keft

SO,

V., =0 6J4000[-11%J(4)(5‘20)+8031+9]6. 2@0’123

-

= 2076k
5,905

check minimum value of V ;: (Spec. 9.20.2.2)

Veimin = 17*4’““(%](‘1)(5.20):322“ — does not control

VCW
Ve = (3.5, +0.3f,, )b'd +V, (Spec. 9.20.2.3, eq 9-29)
d =52ft
b" =4.0ft
fo. =compressive stress in concrete at N.A. Due to effective prestress

_ 0.867(7570)

=103.39 k.ft? Spec. 9.20.3.1
63.48 (Sp )
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VP = vertical component of cable force (Spec, 9 2.1)
V, =(F.C)P¢
¢ = angle change from horizontal axis to prestressing cable .. for 0.9 point

& =0 pc=0cp=0.0874 radians
V, =(0.867)(7570)(0.0874) = 574k

so, Vg, :[3‘ 5+/4000 (%] + 0.3(103‘39)}(4)(5.2) +574

=1882k
since 1882 < 2076, V. = 1882k

Assume # 5 stirrups in each of the four girder webs.

im2
so total A, = (4 girders)(2 legs/gir der)[o.sil g]_n )

=248 in?

Af,d
Vu =< q) (V.-_ + Vs), where V =

5,prov. s

A fd

SO S.aqig = 7"
’ req'd 7
[ u ‘ICJ

_ 2.48(60)(5.2)(12)

2111
—--1882
( g }

=20in

(Spec. 9.20.3.1, eq. 9-30)

Checking minimum steel, minimum web width, and maximum spacing:

Min. steel:
A, (min) = 50b’s = 50(48)(20) =(0.80 in? (Spec. 9.20.3.3, eq 9-31)
f}. 60000
0.80 < 2.48, O.K.
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Min. web width:
Avfyd
N, =-——-S:-— <84f.b°d (Spec. 9.20.3.1)

_ Aufyd  2.48(60000)
™ 84/frs  84/4000(20)

’

14.7 in since 14.7 in € 48 in, ok web width

Max. spacing:

_ 2.48(60000)[5.2(12)] i Spec. 9.20.3.2
= 20(1000) T pee e

44/4000
1000

since 4.64 <758

(48)[5.2(12)] = 758k

Smax = Minimum of: 0.75 (6.5(12)) = 58.5 in. or 24 in.

s =20in.<24in., O.K.
For the rest of the span, the spacings are:

Location s

Abut 1 24 in.

0.4L 24 in.
0.9L 20 in.
Bent 2 6 in.

The spacing shown are correct and comply with the Spec. requirements. However, it has
been shown that in practical situations, it is prudent to limit the stirrup spacing toan 18
in. maximum and to 12 in. maximum within about 8 feet of the supports.

3.4.13 BDS Computer Output

The following pages are selected parts of the BDS Version 3.0 computer output for the
example problem. The readeris encouraged to compare these results to thehand calculations.
BDS calculates moments and stresses every !/ ith point on the span and provides output at
the 1/,,th point. These extensive calculations might not match exactly with the hand
calculations.
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3.5 Design of a 4-Span Continuous Cast-in-Place Prestressed Box Girder

3.5.1 Introduction

This example builds upon experience gained in the 2-span example and highlights the
special considerations needed for multi-span frames. The BDS program serves as the main
design tool with simple hand checks verifying output. As is the practice in design, only
select points of control are hand checked against the computer output.

Only the point of control for Pjack determination will be hand verified. Shear design will
be addressed in subsequent versions as the LRFD specification is implemented.

3.5.2 Bridge Configuration and Component Properties
* 4-Span continuous
» Span Lengths 120', 130", 120', 70’ (assume physical constraints restrict bent location)
* EOD to EOD width 108’

¢ 4 column bents, Diameter 5'

LroTaL = 440

70

! 2
i

Ly =120 Lo =130 ~ Lz=120'

22'
>
[

»
36'
40

5 N <
B2 B-3
Note: Soffit flares at bents,

length = 12'-0" 2
(a) Elevation

Figure 3-19

3.5.2.1 Structure Depth
0.04x130'=52" Use5'-3"

Use 5'-3" throughout structure for consistency
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3.5.2.2 Girder Spacing

Assume 4'-0" overhang

108'-0" - (2 x4'0") — (2% 6") =99’

With 2 x D as a guide, use 110" spacing
Therefore, 99/11 = 9 spaces, 10 girders

3.5.2.3 Typical Section
Based on 11'-0" girder spacing, Bridge Design Details suggests,

TopSlab t= 83"

Bottom Slab t = 7%"

Assume 12'-0" bottom slab flare at all bents. t = 1'-0"

108'-0"_ A X

Note: Typical section is symmetrical|
¢ Bridge about § bridge.

Concrete Barrier Concrete Barrier
( Type 25 E;Dl Type 50 N\ |
i A 1 | [ ' ;
[ 60 b
: : o
. 6

— - : |
® e s | i 4"
ezl | I b i |
~ =81 1 : i9@11-0 typ‘l
12 |

-0" 28-0"

(b) Typical Section
Figure 3-20
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3.5.3 Loads

3.5.3.1 Dead Load

Superstructure Dead Load is calculated from BDS using cross sectional properties.
These properties can be checked by hand or by using the PROPS computer program.

Midspan  Face at Bent

Area (ft.2) 180.25 213.63
y () (i) 2.81 2.50
] (ft4) 78348 896.62

3.5.3.2 Additional Dead Load
Future AC overlay and weight of barriers

AC= (weight of AC) x (width between barriers)
— 0.035 (108-2-2x1.75) =359 k/ft
Barrier = 2 x 0.392 + 0.411 =1.20k/ft

ADL Total - Uniform Loading =4.79 k/ft

3.5.3.3 Live Load
# LL lanes = Deck width / wheel loads

(Spec. Table 3.23.1)
=108.0 / 2 x 7 = 7.714 lanes
Use this number for both the HS20-44 and Permit truck.

3.5.4 Longitudinal Section

The cable path is most important when initially developing the longitudinal girder section.
Once established, other parameters such as soffit flares and post tensioned anchorage
requirements can be checked.
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Abut 1 Bent 2 e" Bent 3 Bent 4 Abut 5
pr

N

& /o/’i’/\cx _ /o/’?\o\ _
A B & b L §

%}

POINT | *C" DIMENSION
@CG.

1-0"

12"

1-0"

12"

1-0°

142"

23"
@CG.

* Cable path slope at edge of support
related to the moment and shear force.

p-3

Figure 3-23

—|T|®O|mgo|lO|lm

3.5.5 Losses
Friction, Anchor Set, and Long Term losses will all be explored.

It should be noted that only one point in the structure will be hand checked, the 1.0 pt. Span
1, which is the same as the face of Bent 2. Initial BDS runs identified this as the point of Pjack
design, therefore it is fitting to hand check this critical location.

3.5.5.1 Frictional Losses

Due to frictional forces that develop from the curvature of the prestress tendon and the
deviation of the tendon within the semi-rigid duct.

The engineer must start at the beginning of the structure and incrementally sum up
frictional losses incurred until the point of interest, in this case 1.0 pt. Span 1

Pt. yb Ae L a=2e/L b F.Ci
0.4 1.0 1.62 48 0.068 0.068  0.986
0.9 3.57 257 60 0.086 0.154 0.970
1.0 4.08 0.51 12 0.085 0239 0953
Frictional Coefficient (F.C.)= e~ (uo+ KL)
= e—(0.2)(0.239) = 0.953
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At midspan: Clearance to mild reinforcement

Distance “D”

4.5"
6.3"

At Bents: Thickness of Top Slab
Clearance to mild reinforcement

Distance “D”

10.8", say 12"

8.63"
-1.0
6.3"

Check clearances at Anchorages

13.93", say 14"

Memo to Designers 11-28 recommends height and width requirements for anchorage
devices. A Pjackper girder of 1860 kips requires a height of 54", leaving only a9" possible
depth for ajoint seal blockout. With this tight clearance and recent failures due to deep
blockouts required for joint seal assemblies, the engineer should attempt a more in

depth investigation of the anchorage area.

After consulting with the joint seal and prestress specialist, check space requirements

based on manufacturers actual equipment dimensions. (See Figure 3-22)

JOINT SEAL.
i

T~
I} Il

r - -"‘...l
j ’ -""“-..
’ *
1 [
STRAND ! 4

ANCHOR
ZONE

C.G. ‘-"‘q.‘_l

End Diaphragm
Figure 3-22
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Abut 1 Bent2 _"c" Bent 3 Bent 4 Abut 5

//
_ M"f\o\g/ T Y e U U
A B (o] 'C"% EI' F

POINT | "C* DIMENSION
@CG.
1-0"
12
1-0"
12
1-0°
=
2.3
@ CG.

* Cable path slope at edge of support
related to the moment and shear force.

>

=IO M molO|wm

Figure 3-23

3.5.5 Losses
Friction, Anchor Set, and Long Term losses will all be explored.

It should be noted that only one point in the structure will be hand checked, the 1.0 pt. Span
1, which is the same as the face of Bent 2. Initial BDS runs identified this as the point of Pjack
design, therefore it is fitting to hand check this critical location.

3.5.5.1 Frictional Losses

Due to frictional forces that develop from the curvature of the prestress tendon and the
deviation of the tendon within the semi-rigid duct.

The engineer must start at the beginning of the structure and incrementally sum up
frictional losses incurred until the point of interest, in this case 1.0 pt. Span 1

Pt. yb Ae L o= 2el/L b F.C.i
0.4 1.0 1.62 48 0.068 0.068  0.986
0.9 3.57 2.57 60 0.086 0.154 0970
1.0 4.08 0.51 12 0.085 0.239  0.953
Frictional Coefficient (F.C.)= e — (uo + KL)
= e—(0.2)(0.239) = 0.953
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Stressing may take place at one or both ends of the structure. Jacking from both ends
reduces the contributory length for frictional forces, therefore efficiently working the
prestress strand. However, the labor involved with this procedure might negate any
economy derived from efficient strand.

Studies conducted in 1971 showed that an increase in Pjack of 3% or less when jacking
from one end only would be economical. This has been the historic “break-even” point

ever since.
Check One End versus Two End Stressing

Two separate runs of BDS were made in the preliminary stage with the following

results:
one end stressing Pjack = 15,700 k
two end stressing Pjack = 15,880 k

Difference is roughly 1% which is less than 3%, therefore one end stressing is more
economical.

3.5.5.2 Anchor Set Losses

Anchor Set losses occur at a localized area at the post-tensioned anchorage zone. The
strand wedges seat themselves in the anchor head when released by the hydraulic
jacking ram. The anchor set loss assumed in design is 3/8".

_ |e(L)L 28,000(0.375)(120)

“j 12d \j 12(1-0953)2025 ~ 100 <120 okay

2(1-0.953)(105 .
af=2dx - ( 120)( ) = 0.082 Pjack

Note that the length of influence for the anchor set loss is 105, therefore the 1.0 pt. Span
1is not effected.
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1.0 P,

(1-0.953)202.5 = 9.52 ksi ——_
AF

105"

0.0 120' 1.0

SPAN 1

Anchor Set
Figure 3-24

3.5.5.3 Long Term Losses
Use Low Relaxation Strand with a 20 ksi long term loss

(Spec. Table 9.16.2.2)
20ksi / 2025 ksi = 0.0988 Pjack

3.5.6 Force Coefficient

Take the Frictional Force Coefficient (F.C.) and subtract anchor set and long term losses

F.C. = (0.953
AnchorSet = 0.0
Long Term = 0.0988

Total = (.854

BDS had 0.858 (within 5%)
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3.5.7 Secondary Moments

Secondary moments can be calculated by hand using the same procedure as the BDS
program. BDS calculates at 1/40 span intervals, so hand calculations will obviously not be
as accurate. A 10% + allowance is reasonable with hand verification.

3.5.7.1 PE Diagram
The PE diagram must be developed to solve for secondary moments. Force coefficients
and eccentricities from the BDS program are used.

SPAN 1 P e Pe
0.4 0.846 1.81 1.54
0.9 0.862 0.76 0.66
1.0 0.858 1.58 1.36
1.36
.66
I
i
i
0.0 04 0.8 i
0.9 1.0
1.54
Secondary Moment (PE)
Figure 3-25
Take moments about Point A by summing the areas under the PE curve.
Page 3-111
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(0.4)+ % (0.4)

N % (0.4) ,|
|
|
|
O, | @
|
|
Areas
Figure 3-26
Ma =10

(-1.54 x 0.267 x 0.267) + (-1.54 x 0.267 x 0.533) + (1.35x0.2/2 x 0.9)
=-0.110-0.219 +0.122
=-0.207 =Ms/3
Therefore, Ms = 0.621

BDS had 0.695, margin of error within 10%.

3.5.7.2 Distributed End Moments -

A I Mt zf A,

Fixed End Moment (FEM) Convention
Figure 3-27
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0.695

0.487

0.461

0.426

@ 0.35 |0.434 0.395
LN 2 ©
o
7777 7777
BA BC BD cB
FEM 0 0.695 —0.461 —0.487  0.426
A 0.234 0.061
BALANCE 0 ~__-—0.082 ~0102 _-0025 _—0.024
COM g™ ™ —0025— -0012~
A 0.037
BALANCE ~0.013 -0.016
DEM 0.59
Figure 3-28

Add the Distributed End Moment 0.59 to the original Pe moment at the 1.0 Pt. Span 1.

Pe = 136
DEM = 059
1.95

(BDS had 1.9445)

Section 3 — Prestressed Concrete
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3.5.8 Prestress Shortening

Application of a Prestress force at the ends of a frame shorten the structure by an amount
equaltoPL/AE. The”L” termin this equationis taken from the point of concern to the point
of zero structure movement due to shortening. This point of zero structure movement is
calculated using individual column stiffnesses. Stiffer columns attract the point of no
movement.

Memo to Designers Chapter 7 contains an example for calculating the point of no movement.
This procedure is the same as what BDS uses.

For example, check the movement of Bent 2 due to the Pjack force. Find the average Force
Coefficient (F.C.) between Bent 2 and the point of no movement, which is located 62" to the
right of Bent 3. (approx. 0.5 pt.)

E.C. Bent 2 = 0.858
F.C.0.5Span3 = 0.763

1.621 _
B = 0.810

The length from Bent 2 to the point of no movement is 192". Use an area of 180.25 ft2 (no
bottom slab flare) to approximate the average area between the two points.

AreaxE
= 0.810x192'  _
A = (180.25)x (3600)x 144 — 0.00000166
' BDS had 0.00000162

The Distributed End Moment (DEM) due to prestress superstructure shortening is +0.341.
This decreases the overall prestress moment coefficient as calculated in Section 3.5.7.2 from
1.9445 t0 1.799. Using the equation in Section 3.5.9, total prestress force required therefore
increases by 5%.

The effects of prestress shortening on the required Pjack and on the applied column
moments are especially important for longer structures when determining hinge locations.
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192'

Ly =120 3 L, =130 - Lg=120' : Lg=70"

Y B4
52 £

R Point of no movement for structure shortening.

Plo—

22'
>
&

® Point of no movement for prestress strand.

Static Diagram
Figure 3-29

3.5.9 Prestress Force
Knowing the point of control for Pjack design as the 1.0 pt. Span 1 Top fiber, hand verify.

DL+ ADL+P/S
Pj= M x(DL+ ADL)x(C/I)
B Ff._}_M.Cl_xc

_ (40,727 +7214) x (2.75/896.62)

0.858 , 1.799x2.75
213.63 896.62

=15,422 k
BDS had 15,420.
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